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GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation was written in the form of two 
manuscripts. The first manuscript reports the results of 
restriction fragment length polymorphism (RFLP) analysis 
performed to estimate the genetic location and effects of 
quantitative trait loci (QTL) affecting resistance to second-
generation European corn borer. The second manuscript reports 
the results of RFLP mapping of QTL affecting five 
morphological traits including plant and ear heights, growing-
degree-days to 50% pollen-shed and 50% silk emergence, and 
silk-delay. The manuscripts are preceded by a General 
Introduction section, and followed by General Conclusions. 
References cited in the General Introduction and Conclusions 
sections are listed in the Literature Cited section. The 
appendix section contains tables summarizing statistical 
analyses {including the formulas used), histograms, and 
supportive information. 
Literature Review 
Molecular Markers 
Sax (1923) first proposed the use of genetic markers as a 
method to dissect complex traits. Genetic factors affecting 
seed weight in Phaseolus vulgaris were detected using 
morphological markers controlling seed-coat color. Thoday 
(1961) used morphological marker stocks of Drosophila 
melanoaaster to detect genes affecting sternopleural chaeta 
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number. However, the usefulness of morphological markers as a 
tool to identify QTL is hindered by their paucity and 
deleterious effects. These difficulties have been 
circumvented by molecular markers which use assays to detect 
diversity in gene product or DNA sequence at the molecular 
level. Tanksley (1983) divides molecular markers into two 
classes, protein and deoxyribonucleic acid (DNA) markers. 
Isozymes are the most common protein marker representing 
allelic variants of structural genes. Isozyme polymorphisms 
differ in mobility during electrophoresis due to differences 
in their amino acid composition. Enzyme activity assays are 
used to visualize mobility of allelic variants on starch gels, 
which is an indication of genotype at the marker locus. 
Isozyme variation has been identified for a number of crop 
species including maize (Zea mays L.; Coe et al., 1990), 
soybean [Cardy and Beversdorf, 1984; Glycine max (L.) Merr.] 
tomato FLicopersicon esculentum (L.) Mill.; Rick, 1983] and 
barley (Hordeum vulgare; Jaaska and Jaaska, 1986) . In maize, 
at least 77 isozyme loci have been reported (Coe et al., 1990) 
however, only about 20 have been used to characterize Cornbelt 
germplasm (Kahler, 1985). 
Two types of DNA markers are restriction fragment length 
polymorphism (RFLPs) and random amplified polymorphic DNAs 
(RAPDs). Presently, RFLPs are more commonly used. RFLP 
analysis is based upon differences in physical size of DNA 
fragments resulting from total DNA digested with one or more 
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restriction enzymes. Restriction enzymes, also known as 
restriction endoneucleases, cleave DNA at specific nucleotide 
sequences. Differences in fragment size occur when mutation 
has altered nucleotide sequence such that restriction sites 
are added or deleted upstream or downstream from an 
alternative site. RFLPs are detected using Southern blot 
analysis (Southern, 1975). 
Briefly, Southern blot analysis entails electrophoresis 
to separate DNA fragments based on size. The DNA fragments 
are denatured, and blotted onto a nylon membrane. 
Radioisotope-labeled DNA probes are applied to the nylon 
membrane to identify the position of the fragments. 
Visualization of RFLP's is achieved by autoradiography 
(Southern, 1975). A wide range of restriction enzymes are 
available, suggesting the theoretical number of RFLP markers 
may be limitless (Tanksley, 1983). The relative abundance of 
RFLP markers allows investigation of the entire maize genome 
with relatively short intervals between markers. Tanksley et 
al. (1989) cite several other advantages of RFLP markers: 1) 
segregation is codominant; 2) construction of genetic stocks 
is not required; 3) the expression of the trait under 
investigation is not masked, and; 4) there are no epistatic 
interactions. 
Williams et al. (1990) developed the random amplification 
polymorphic DNA (RAPD) method of marker amplification using 
polymerase chain reaction (PGR) with random DNA primers. The 
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polymorphic marker appears as an amplified DNA segment in one 
parent, while absent in the other. Thus, RAPDs are inherited 
in a dominant manner, rendering them less informative than 
RFLPs in certain applications (Williams et al., 1990). 
Applications of Molecular Markers 
The relative abundance and accuracy of molecular markers 
has facilitated several plant breeding applications. RFLP 
markers have been used to assess genetic diversity among elite 
breeding lines of maize (Lee et al., 1989; Smith and Smith, 
1991; and Melchinger et al., 1991). High-density linkage maps 
based on RFLPs have been developed for a number of crop 
species including, maize (Coe et al., 1990), soybean (Keim et 
al. , 1990), and tomato (Bernatzky and Tanksley, 1986) . 
Perhaps the most important application of molecular 
markers is the identification of genetic factors affecting 
complex traits, known as quantitative trait loci (QTL). Most 
traits affecting agronomic performance such as grain yield, 
maturity, and plant height are quantitatively inherited. 
Quantitative inheritance implies a trait is controlled by a 
number of genes, each having a various effect on phenotype. 
Moreover, effects of quantitative genetic factors may interact 
with the environment (Falconer, 1989). QTL analysis involves 
the determination of linkage between markers and genomic 
regions affecting a trait. Linkage maps are used to 
facilitate QTL analysis by providing information regarding the 
genetic location of marker loci. 
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Statistical Analyses 
Determination of linkage between a marker locus and QTL 
requires a test to determine if genotypic class has a 
significant effect on phenotype. Significant differences 
between homozygous classes is interpreted as a linkage between 
the marker under investigation and a putative QTL. There are 
two general methods of statistical analysis, single-factor 
analysis of variance (SF-AOV; Beckmann and Soller, 1986; 
Edwards et al. , 1987) and interval mapping (Lander and 
Botstein, 1989 and Paterson et al., 1991). 
SF-AOV is performed using genotypic classes at the marker 
locus as the main effect, and phenotypic variance among 
progenies within genotypic classes as the error term. A 
coefficient of determination (R^) is calculated and 
interpreted as variation explained by the locus. The test is 
robust and the statistics are relatively simple to perform. 
However, several shortcomings have been noted. First, SF-AOV 
tests for the effects of QTL that are closely linked to marker 
loci. The ability to detect and estimate the phenotypic 
effect of a QTL is a function of the magnitude of the effect 
and recombination distance. For example, effects of QTL not 
closely linked to the marker may be biased downward by 
increased recombination distance. Second, there is no 
estimate of the position of the QTL if it is located within a 
marker interval. 
Interval mapping uses maximum likelihood function to 
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obtain maximum likelihood estimates (MLEs) of allelic effects 
and phenotypic variation not attributable to the QTL at a 
given position (Lander and Botstein, 1989). Two MLEs are 
calculated at each genomic position, one assumes a QTL exists 
at the position under evaluation, the second assumes that no 
QTL exists at the position. The log^o of the ratio of the two 
MLEs is known as the log-of-the-odds (LOD) ratio. The LOD 
value is interpreted as the strength of evidence for the 
existence of a QTL. LOD values that exceed a predetermined 
significance level (LOD threshold) are declared significant 
and the likely position of a QTL. Lander and Botstein (1989) 
have described a computer program MAPMAKER/QTL that 
facilitates interval mapping. 
The choice of the appropriate significance level is an 
important aspect for both methods of QTL detection (Beckmann 
and Soller, 1986) . Since a large number of marker loci are 
generally evaluated in QTL studies, the normally accepted 
significance level of 0.05 would increase the probability of 
type I errors (false positive F-tests). The equation a = 1-
(1-Qf')'^ (where a = probability of at least one false positive; 
a' = the significance level required per individual F-Test, 
and; t = the number of SF-AOV tests) indicates a 99% 
probability that at least one false positive would occur among 
100 F-tests. Using the equation described above and solving 
for a', the significance level calculated as 0.0005 for the 
0.05 probability level. Lander and Botstein (1989) report a 
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formula used to determine the appropriate significance level 
for interval mapping based the number of intervals tested. 
Experimental Results of OTL Mapping Studies in Maize 
The focus of previous QTL investigations in maize has 
been toward agronomically important traits, including 
morphological and yield traits and their components. Edwards 
et al. (1987) and Stuber et al. (1987) identified genomic 
regions affecting 82 traits in two Fj maize populations. The 
populations were developed from crosses between widely 
divergent parents (C0159 x Tx303 and T232 x CM37). SF-AOV 
revealed significant marker-QTL associations for 60 and 66% of 
the tests. Phenotypic variation explained by a single locus 
between the two populations ranged from 0.23% for ear number 
and harvest index to 16% for total number of leaves. Multiple 
locus models revealed that QTL linked to isozyme loci for 
plant and ear heights and days to flowering explained from 27 
to 4 0% of the total phenotypic variation. More recently, 
Edwards et al. (1992) evaluated 187 Fj individuals of the 
Col59 X Tx3 03 population using 98 RFLP and 16 isozyme markers. 
It was concluded that increased marker density allowed QTL to 
be localized more accurately, with increased resolution of 
linked QTL affecting the same trait, and linked QTL affecting 
more than one trait. Abler et al. (1991) evaluated six Fj 
populations developed from elite line crosses for QTL 
affecting 21 traits. The objective of the study was to 
determine whether smaller populations (relative to large 
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populations used by Edwards et al., 1987) developed from 
crosses between morphologically similar lines would produce 
sufficient variation to detect QTL. About 500 plants per 
population were scored at 10 to 16 isozyme and one 
morphological loci. Up to 15% of the total phenotypic 
variation of a trait could be detected at a marker locus. 
Veldboom et al. (1994a) used 103 RFLP loci to identify QTL 
affecting flowering and plant stature traits in an F2.3 
population developed from a cross between elite lines Mol7 and 
H99. Data from 150 lines were evaluated for growing-degree 
days (GDD) to 50% pollen shed and silk-emergence and silk-
delay (GDD interval between pollen-shed and silk-emergence) by 
interval mapping. QTL detected explained 63, 81, and 31%, of 
the total phenotypic variation for the respective traits. QTL 
affecting plant and ear heights accounted for 67 and 62% of 
the variation. Partial- to over-dominant gene action was 
detected for QTL affecting flowering and stature traits. 
Veldboom et al. (1994b) evaluated the same population for 
yield and seven yield components. One region affecting grain 
yield was identified, and explained 35% of the phenotypic 
variation. Two to six regions were detected among yield 
components of yield. Individual QTL affecting components 
accounted for 6 to 41% of the phenotypic variation. Total 
variation explained by QTL detected for each trait ranged from 
3 9 to 71%. Gene action was partial to over-dominance. 
Additive gene action was detected in several instances. 
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Several authors have reported QTL affecting physiological 
responses in maize. Ottavianno et al. (1991) evaluated 44 
recombinant inbred lines at 200 RFLP loci to identify six QTL 
affecting thermotolerance in maize. Reiter et al. (1991) used 
90 F3 lines and 77 RFLP loci to detect QTL affecting tolerance 
of low-phosphorous stress. One locus accounted for 25% of the 
total phenotypic variation, and gene action associated with 
significant loci was primarily additive. 
RFLP analysis has been used to identify regions 
contributing resistance to diseases. Freymark et al. (1993) 
evaluated 150 B52/Mol7 F2.3 lines at 103 RFLP loci to locate 
QTL affecting components of resistance to northern corn leaf 
blight (Exserohilum turcicum). Variation explained by 
individual QTL ranged from 6.8 to 13.2% for average number of 
lesions; 7.5 to 13.4% for percent diseased tissue; and 12.3 
and 18.1% for two QTL affecting the size of lesions. 
Additive, partial dominant, and overdominant types of gene 
action were determined. Bubeck et al. (1993) evaluated three 
F2.3 maize populations for resistance to gray leaf spot ( GLS; 
Cercospora zeae-mavdis Tehon & Daniels). Populations were 
developed using inbred B73 as the GLS-susceptible parent and 
consisted of 139, 144, and 193 lines. SF-AOV detected 
significant QTL associated with GLS resistance on nine 
chromosomes. Individual QTL accounted for 4 to 26% of the 
total phenotypic variation. Gene action was predominantly 
additive. 
10 
Genotype by Environment (GxE) for OTL 
Paterson et al. (1991) identified 29 QTL affecting fruit 
size, soluble solids concentration, and pH in an interspecific 
cross of tomato in three environments. Of 2 9 QTL, four were 
detected in all three environments, 10 in two environments, 
and 15 were detected in individual environments. The 
inconsistencies in frequency of QTL detection were attributed 
to GxE interaction or statistical errors in detection. 
Similar inconsistencies among environments were reported by 
Bubeck et al. (1993) for QTL affecting resistance to gray leaf 
spot. Of QTL detected to affect GLS-resistance, only one QTL 
was detected in three environments, and one QTL was identified 
in two environments. 
In contrast, Stuber et al. (1992) reported QTL for grain 
yield in maize were identified consistently over six 
geographically diverse environments. Two hundred sixty-four 
B73/iyiol7 F3 lines were backcrossed to B73 and Mol7. QTLs for 
yield tended to be located in similar regions between 
backcrosses. QTL affecting grain yield were located on all 
chromosomes. Phenotypic variation explained by individual QTL 
ranged from 6.5 to 13.7%. Total variation explained by QTL 
detected in B73 and Mol7 backcross populations was 47% and 
63%, respectively. Gene action for most QTL was 
overdominance. Based on these results, it was recommended 
that only two or three environments may be needed to detect 
major QTL. 
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Schon et al. (1993) identified QTL affecting resistance 
to 2ECB and plant height consistently in two environments. 
Three-hundred F2.3 lines developed from a cross between inbreds 
B73 (susceptible) and B52 (resistant) were evaluated under 
artificial infestation in two environments. Seven QTL 
affected resistance to 2ECB and explained 3 8% of the total 
phenotypic variation; while three QTL affected 63% of the 
phenotypic variation for plant height. Veldboom and Lee, 
(1994b) detected QTL affecting grain yield and yield 
components and, flowering and plant stature traits (1994a) 
consistently in two environments. 
Homogeneity and Heterogeneity of QTL Among Populations 
Information accumulated from QTL mapping studies offer 
plant breeders and researchers opportunities to evaluate and 
compare genetic location and effects and gene action of QTL 
among populations. Bubeck et al. (1993) was able to detect 
one region affecting resistance to GLS across three 
populations on chromosome 2. Abler et al. (1991) reported 
isozyme locus Amp3 on chromosome 5 was consistently associated 
with ear length and total grain weight across five Fj 
populations. Ear circumference was consistently significant 
at Glul on chromosome 10 across four populations. In 
contrast, Tanksley and Hewitt (1988) tested three introgressed 
chromosomal segments in tomato across four genetic backgrounds 
over two years. Significant interactions between genetic 
background and introgressed chromosome segments were reported. 
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Genetic effects ranged from positive to negative depending 
upon genetic background. It was concluded that QTL affecting 
agronomic traits should be tested in several genetic 
backgrounds to assure the QTL provides the desired effect. 
Several studies have been performed to examine the 
diversity of QTL affecting a trait. Beavis et al. (1991) 
identified diversity among QTL affecting plant height in four 
F2.4 maize populations. They were able to locate a total of 14 
QTL affecting plant height, and many of the QTL were located 
in the same genetic regions as qualitative mutant loci. 
Associations between QTL and qualitative loci support the 
hypothesis proposed by Robertson (1985) that states major 
mutants are actually null or near null-alleles at a QTL. 
Edwards et al. (1992); Schon et al. (1993); and Veldboom et 
al. (1994a) also reported associations between qualitative 
loci and quantitative affecting plant height. 
Genetics of Host-Plant Resistance to 2ECB 
The European corn borer (Ostrinia nubilalis Hiibner; ECB) 
is an important insect pest to U.S. maize production. Annual 
economic losses inflicted by ECB have been estimated as high 
as $200 million (Burkhardt, 1978) . In Iowa, generally two 
generations (broods) of ECB occur and are designated first-
(lECB) and second-generation European corn borer (2ECB). 
Generations are distinguished by the morphological stage of 
corn plants at the time of infestation (Guthrie et al., 1971). 
First-generation ECB infest maize plants during the vegetative 
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stages of plant development. Larvae feed on leaves inside the 
whorl, thus resistance to lECB is termed leaf feeding 
resistance in the literature. Host-plant resistance to lECB 
has been relatively easy to locate and incorporate into maize 
germplasm (Guthrie and Dicke, 1972). Commercial hybrids 
generally display adequate resistance to lECB. Second-
generation ECB infestation occur during the reproductive phase 
of maize plants. Larvae establish themselves on pollen 
accumulations and leaf sheath and collar tissue in leaf axil 
regions of maize plants. Physiological yield loss is caused 
by sheath and collar feeding. As larvae mature they begin to 
bore into the stalk reducing the integrity of the plant. 
Resistance to lECB (whorl leaf feeding) and 2ECB (leaf sheath 
and collar feeding) are conferred by different genes (Guthrie 
et al. 1971) . Host-plant resistance to 2ECB has not been 
easily identified (Guthrie, 1989). Commercial hybrids do not 
exhibit high levels of 2ECB resistance. However, because of 
improvements in root, stalk, and shank strength, most possess 
tolerance to 2ECB (Guthrie and Russell, 1987). 
Efficient manipulation of resistance to insects in 
breeding programs requires knowledge of the genetic basis of 
its inheritance (Russell, 1972a). The inheritance of host-
plant resistance to 2ECB is complex. Pesho et al. (1965) 
identified inbred B52 exhibiting high levels of resistance to 
2ECB. Biometric methods were used to elucidate the genetic 
basis of resistance to 2ECB conferred by inbred B52. In 
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diallel studies using inbreds selected for resistance and 
susceptibility, Scott et al. (1967) and Jennings et al. 
(1974a) determined the effects of additive gene action 
conditioned resistance. Yet disparities in crosses involving 
Oh43 with resistant and susceptible inbreds led Scott et al. 
(1967) to speculate that Oh43 possessed genes that gave a 
resistance effect only when combined with other genes for 
resistance. Therefore, epistatic gene action could also be 
important. Jennings et al. (1974b) performed generation means 
analyses using B52 as the resistant parent in combinations 
with four susceptible parents. The results indicated a 
preponderance of additive effects with both dominance and 
epistatic effects occurring depending upon the genetic 
background of the resistant parent. Genetic information 
extracted using biometric methods is subject to several 
limitations: 1) genetic effect and gene action assessments 
are cumulative; 2) frequently, data does not conform to 
imposed theoretical assumptions, and; 3) estimates involving 
variance components are subject to large standard errors 
(Hallauer and Miranda, 1988) . 
One solution to these limitations is to investigate each 
genetic factor affecting host-plant resistance to 2ECB. 
Onukogu et al. (1978) used chromosomal interchanges to locate 
seven genetic factors affecting 2ECB resistance. Factors 
contributing resistance were located on regions of chromosomes 
IS, IL, 2L, 3S, 4L, 8L, and 5S. Although successfully 
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verifying quantitative inheritance, Onukogu et al. (1978) 
pointed out several limitations of mapping with chromosome 
interchanges: 1) linked genes would not be distinguished from 
single genes, 2) recessive genes would not be detected, and 3) 
sizable dominance effects are needed to ensure detection. 
Schon et al. (1993) used RFLP analysis to locate QTL affecting 
resistance to 2ECB in a B73/B52 F2.3 population evaluated in 
two environments. Interval mapping was used to locate QTL to 
chromosome arms IS, IL, 2S, 2L, 3L, 7L, and lOL. Four of 
seven QTL were detected in both environments. 
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I. GENETIC LOCATION AND CHARACTERIZATION OF 
CHROMOSOMAL REGIONS AFFECTING SECOND-GENERATION EUROPEAN 
CORN BORER RESISTANCE IN A MAIZE POPULATION 
Written for submission to the journal Crop Science 
M. J. Brinkman, M. Lee*, W. L. Woodman, and W. D. Guthrie 
Abstract 
This study was conducted to estimate genetic location and 
effects of quantitative trait loci (QTL) affecting resistance 
to second-generation European corn borer (Ostrinia nubilalis 
Hiibner; 2ECB) in maize (Zea mays L.) . Estimates of location 
and effects were compared among three environments. An 
unselected population of 150 F2.3 lines was developed by self-
pollinating plants of a cross between inbreds B73 and DE811, 
susceptible and resistant to 2ECB, respectively. Genetic 
linkage analysis of restriction fragment length polymorphisms 
(RFLPs) was performed on F2.3 lines using 94 probes at 98 loci. 
Interval mapping and single-factor analysis of variance were 
used to identify chromosomal regions containing QTL. 
M. J. Brinkman, Keltgen Seed, 3720 Arch Ave., Grand Island, NE 
688 03; M. Lee and W. L. Woodman, Dept. of Agron., and W. D. 
Guthrie (retired), Corn Insects Research Unit , Ankeny lA, 
Iowa St. Univ., Ames, lA 50011; "Corresponding author. 
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Eight unlinked QTL were significantly associated with tunnel 
length and located to six chromosomes, 1, 3, 4, 5, 7, and 10. 
Individual QTL accounted for 3% to 25% of phenotypic 
variation. Six QTL were contributed by resistant parent 
DE811, while QTL located on chromosomes 1 and 4 originated 
from susceptible parent B73. Five QTL were detected in two of 
three environments. Both additive and dominant gene action 
were exhibited by individual QTL. Additive effects were 
consistent over environments. Level and direction of 
dominance effects differed between two environments for QTL 
located on chromosomes 3 and 5. Additive x dominant epistasis 
was detected for one pair of loci located on chromosomes 4 and 
7. Results suggest major QTL affecting 2ECB resistance were 
consistent between two 1989 environments. 
Introduction 
The genetic basis for resistance to second generation 
European corn borer (Ostrinia nubilalis Hiibner; 2ECB) has been 
difficult to establish. Despite research efforts, most elite 
germplasm used by U.S. commercial maize breeding programs is 
susceptible to 2ECB (Guthrie, 1989). Physiology of yield loss 
(Lynch, 1980) and biological relationship between the insect 
and host-plant (Guthrie and Russell, 1971) have been well 
documented. Difficulty in gaining a clear understanding of 
the genetics of resistance to 2ECB arose from four primary 
causes: 1) the paucity of genes conferring resistance; 2) its 
complex inheritance pattern; 3) unreliable screening 
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procedures, and; 4) environmental variation. 
Biometric and cytogenetic approaches were first used to 
elucidate gene action and chromosomal location of genes 
conferring resistance to 2ECB. From diallel analyses (Scott 
et al., 1967 and Jennings et al., 1974a), it was concluded 
additive gene action was prevalent, but evidence of dominance 
effects and epistasis were also noted. Generation means 
analysis of four populations using B52 as the common resistant 
parent supported results of previous diallel studies (Jennings 
et al. 1974b). Onukogu et al. (1978) used chromosomal 
interchanges (translocations) to locate genetic resistance 
factors contributed by B52 to chromosome arms IS, IL, 2L, 3S, 
4L, 5S, and 8L. Their findings confirmed the polygenic nature 
of 2ECB resistance. 
Restriction fragment length polymorphism (RFLP) analysis 
has emerged as an effective means to investigate the genetic 
basis of complex traits. In maize, RFLP markers have been 
used to map quantitative trait loci (QTL) controlling 
morphological traits (Beavis et al., 1991; Veldboom et al., 
1994a; and Edwards et al., 1992), physiological responses 
(Reiter et al., 1991; and Ottaviano et al., 1991), disease 
resistance (Bubeck et al., 1993; and Freymark et al., 1993), 
and grain yield (Veldboom et al., 1994b; and Stuber et al., 
1992). In previous studies, RFLP analysis was used to 
characterize QTL associated with 2ECB resistance. Schon et 
al. (1993) evaluated a population consisting of 300 B73/B52-
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^2:3 progenies in two environments. Subsequent RFLP analysis 
revealed seven QTL located on chromosome arms IS, IL, 2S, 2L, 
3L, 7L, and lOL collectively explaining 38% of observed 
variation in 2ECB tunnel length. Jarboe (1993) reported QTL 
identified in multiple environments located on chromosomes 1, 
2, 9, and 10 for a M0I7/B52-F2.3 population. QTL located on 
chromosomes 1 and 2 in both B73/B52 and Mol7/B52 populations 
corroborated findings in the translocation study reported by 
Onukogu et al (1978). 
Analysis of QTL provides a method of examining genotype 
by environment (GxE) interaction at defined regions of the 
genome. Characterization of QTL in several environments 
provides a basis for determination of genetic location and 
effects of QTL, and the affect of QTL by environment 
interactions. Previous studies illustrate a range of 
environmental sensitivity exhibited by individual QTL. 
Paterson et al. (1991) identified 29 QTL affecting fruit 
quality traits of tomato over three diverse environments. Of 
29 QTL, four were identified in three environments, 10 in two 
environments, and 15 were identified one of three 
environments. Bubeck et al. (1993) noted similar 
inconsistencies among QTL located on nine chromosomes 
affecting resistance to gray leaf spot (Cercospora zeae-mavdis 
Tehon & Daniels) across three environments. One significant 
region was identified in three environments, one in two 
environments, and seven in single environments. In contrast, 
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other studies have shown consistent detection of QTL across 
environments. Stuber et al. (1992) reported little evidence 
of GxE interactions for QTL affecting heterosis for grain 
yield in maize over six geographically diverse environments. 
Schon et al. (1993) reported similar consistency in QTL 
affecting resistance to 2ECB across two environments. 
In the present study, 150 B73/DE811 F2.3 progenies were 
each evaluated for RFLP genotype and resistance to 2ECB to 
address the following objectives: 1) estimate genetic location 
and effects of factors affecting resistance, and 2) compare 
estimates of location and effects among three environments. 
Materials and Methods 
Population Development 
An unselected sample of 150 Fj-derived lines in the F3 
generation (F2.3) was developed from a population of a cross 
between inbred lines B73 and DE811. Inbred B73 (female 
parent) is adapted to the Central U.S. Cornbelt, and has been 
widely used in U.S. maize breeding programs due to its high 
productivity for grain yield as an inbred line and in hybrid 
combinations (Russell, 1972b). However, B73 is very 
susceptible to feeding damage by 2ECB. DE811 is adapted to 
the Central U.S. Cornbelt and exhibits high levels of host-
plant resistance to 2ECB (Hawk, 1985) . The cross was made in 
1987 at the Iowa State University Agronomy Research Center 
near Ames, lA. The population was developed from a single F^ 
plant grown at the 1987-88 winter nursery and self-pollinated 
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to obtain Fj seed. In 1988 Fj plants were self-pollinated to 
obtain F2.3 lines. 
RFLP Data 
The RFLP genotype for each Fj plant was determined using 
DNA extracted from a sample of F2.3 progeny. Twelve kernels of 
each F2.3 line, parents, and the F^ were planted in eight-inch 
pots in a greenhouse. At the five- to six-leaf stage, equal 
quantities (typically from ten plants) of plant tissue were 
harvested for each line as a bulked-tissue sample. Bulked-
tissue samples were lyophilized for seven days, ground using a 
cyclone mill, and stored at -20°C. Total plant DNA was 
isolated from 0.7 g of bulked-tissue following a modification 
of a technique (Veldboom et al., 1994a) described by Saghai-
Maroof et al. (1984) . Ten micrograms of DNA of each F2.3 line 
were digested in single-digests with restriction endonucleases 
EcoRI, EcoRV, and Hindlll. Single-digests were 
electrophoresed on 0.7% agarose gels in Ix gel buffer (40 mM 
Tris acetate [pH 8.0], 1 mM EDTA) overnight at 24 volts. 
Digested DNA samples of B73, DE811, and the F^ were included 
on each gel as a reference. Southern blot analyses were 
performed on denatured, neutralized gels using nylon membranes 
(Southern 1975) . Ninety-four genomic and cDNA probes detected 
RFLP 98 loci in this study (Table Al). Probes were provided 
by Brookhaven National Laboratory (Burr et al., 1988), the 
University of Missouri-Columbia (Coe et al. , 1990), Native 
Plants Inc. (Weber and Helentjaris, 1989), Pioneer Intl. (D. 
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Grant, personal communication) , and Iowa State University (M. 
Lee, personal communication). Selection of probes was based 
upon two criteria: 1) distinct polymorphisms observed between 
parents, and 2) genetic map location. Probes were 
radiolabeled by random primer synthesis (Feinberg and 
Vogelstein, 1983) using a reaction mixture containing 10 fil 
oligo-labeling buffer, 0.5 fil bovine serum albumin, 0.5 ^1 
[^^P] deoxy-CTP, and 1 ^ 1 Klenow fragment to a specific 
activity of 1 x 10® cpm/mole. Overnight hybridizations were 
carried out using a modification of a method (Veldboom et al., 
1993b) described by Helentjaris et al. (1985) in 500-ml 
Nalgene bottles in a rotisserie oven at 65°C. Hybridized 
blots were used to expose X-ray film at 
-80°C using two intensifying screens for three to five days. 
Probe was stripped from blots using 0.2 M Tris [pH 7.5], 0.Ix 
SSC, 0.2% SDS. Autoradiographs were scored twice, 
independently, for each probe/enzyme combination as follows: 
A=B73/B73, H=B73/DE811, and B=DE81l/DE811. 
Field Experiments 
Experimental entries consisted of the 150 F2.3 lines, and 
two entries for each of B73, DE811, and the F^ (B73/DE811) . 
B73 and DE811 served as 2ECB-susceptible and -resistant 
checks, respectively. The F^ was included to assess heterosis 
for resistance to 2ECB. Entries were evaluated in hill plots 
consisting of two hills spaced on centers of 0.76 and 1.02 m 
at Ames and Ankeny, respectively. Plots were over-planted and 
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thinned to three plants per hill (Guthrie et al., 1985). 
Entries were arranged in a 12 x 13 simple rectangular lattice 
design with two replications. Experiments were evaluated in 
three environments, the Agronomy and Agricultural Engineering 
Research Center located near Ames, lA in 1989 and 1990, and at 
the Iowa State University Research Farm near Ankeny, lA in 
1989. Experiments were planted 25 April at Ankeny and 11 May 
at Ames in 1989, and 29 May at Ames in 1990. Fertility, weed 
control, and cultivation practices were consistent with high-
production regimes used in this region. 
Trait Evaluation 
Artificial infestation with ECB larvae was initiated when 
50% of the entries reached anthesis. Newly hatched larvae 
were obtained daily from the USDA Corn Insect Laboratory at 
Ankeny, lA. A mixture of larvae and corn-cob-grits was 
applied to each plant using a bazooka-type applicator (Mihm, 
1983). One dose delivered approximately 50 larvae. Larvae 
were applied at four infestation points, the primary ear axil, 
first and second leaf axils above the ear, and the first leaf 
axil below the ear. Each plant received one dose at two or 
three infestation points each day for six to seven days until 
a target infestation level of 650 larvae/plant was attained. 
Approximately 60 days post-infestation, plants were split from 
the soil level to the first internode above the primary ear. 
Stalk-tunneling by 2ECB was measured in inches and recorded 
for each of the six plants. Parallel tunnels were recorded 
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only once. Plot tunneling means were determined and converted 
to centimeters for data analysis. 
Plots were evaluated for five morphological traits (plant 
and ear heights, growing-degree-days to 50% pollen-shed and 
silk emergence, and silk-delay) to assess possible 
correlations with 2ECB tunneling. Analyses of these traits 
are reported in a related manuscript (Brinkman et al., 1995). 
Environmental Conditions 
Tunneling means for F2.3 lines were 51, 43, and 17 cm for 
Ames and Ankeny 1989, and Ames 1990, respectively (Table 1). 
Resistant and susceptible check means were significantly 
different for the 1989 environments, however, parental checks 
were not significantly different at Ames 1990 based on mean 
comparison. The presence of the entomopathogenic fungus, 
Beuvaria bassiana. could have been a limiting factor for 
adequate levels of 2ECB tunneling. Larvae at all stages of 
development are susceptible to the fungus. Symptoms of the 
disease, pink and white mycelia-coated ECB larval corpses, 
were frequently observed in stalks at Ames in 1990. 
Growing-degree-days (GDD) were determined using the 
formula described by Brown (1969; Figure A8). Cumulative GDD 
May through September for 1989 and 1990 were 1525 and 1574, 
respectively, and were consistent with the 30-year average GDD 
of 1532 (1951-1980 data; U.S. Dept. of Commerce, 1982). 
Cumulative precipitation during vegetative and reproductive 
growth phases (June-August) for 1989 was about 61% of the 30-
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year average. Cumulative precipitation June through August 
1989 totaled 19.4 cm, while the 30-year average for the same 
period is 31.6 cm. However, timely precipitation sustained 
normal plant growth and development throughout the growing 
season. Precipitation received for the same period in 1990 
was 51.4 cm. 
Phenotvpic Data Analysis 
Values for missing plots were estimated using SAS General 
Linear Models Procedure (PROC GLM; SAS Inst. Inc., 1988). 
Histograms were constructed for Fj.j adjusted entry means for 
tunnel length in each environment and combined over 1989 
environments (Figure Al). Distributions were tested for 
normality using the Shapiro-Wilke W-test statistic (Shapiro 
and Wilke, 1965; Table A4). A significant W-test statistic 
indicated departure from normality. Coefficients of skewness 
and kurtosis were calculated for distributions to further 
characterize departures from normality (Snedecor and Cochran, 
1967; Table A4). A positive coefficient of skewness indicated 
a distribution was skewed toward the upper tail, and negative 
values toward the lower tail. Coefficients of kurtosis 
indicated the degree to which a distribution was peaked or 
flat. A positive coefficient of kurtosis indicated a peaked 
distribution, and negative values suggested a flat 
distribution. Least significant differences were calculated 
for entry means (Steele and Torrie, 1980; Table 1). 
Adjusted F2.3 entry means for 2ECB tunneling fit normal 
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distributions for both 1989 sites (Table 1; Figure Al). 
Tunneling means distribution for the 1990 location 
significantly (P=0.05) deviated from normality, and was 
significantly skewed toward the upper tail of the distribution 
indicating a preponderance of resistant lines. Square-root, 
logio, and logg transformations did not normalize the 
distribution. Non-normal distribution of entry means violates 
the assumption of normality required for interval mapping 
(Lincoln et al., 1990). However, Knott and Haley (1992) 
reported that interval mapping is not significantly effected 
by non-normality, and provides good estimates of genetic 
location and effects of QTL. 
Analysis of variance was performed on plot means using a 
simple 12 x 13 rectangular lattice design. Entry means 
adjusted for lattice block effects are used when the design 
improves the efficiency of the experiment relative to 
randomized complete block design (Cochran and Cox, 1957; Table 
All). Relative efficiencies of the lattice design were 118%, 
119%, and 125% for Ames 1989, Ankeny 1989, and Ames 1990, 
respectively. Consequently, adjusted entry means were used 
for further analyses. The computer program PLABSTAT (Utz, 
1987) was used to obtain block and adjusted entry sums of 
squares, effective mean square, and adjusted entry means. 
Further partitioning of adjusted sums of squares was performed 
using SAS PROCS GLM and ANOVA (SAS Inst. Inc., 1988). 
Analysis of variance was performed using the model described 
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in Table A5. Adjusted entry sums of squares and degrees of 
freedom (df) were partitioned into F2.3 lines and checks. 
Check entries were further partitioned into mutually 
orthogonol (single-df) contrasts to determine if: 1) the two 
entries of each check were consistent, 2) there was a 
difference between parent checks, and 3) the was different 
from the parent checks. Table A6 summarizes the form of the 
analysis of variance, expected mean squares, and variance 
component derivations. The effective mean square was used to 
test sources of variation in F-Tests. 
A combined analysis of variance was performed using 
adjusted entry means in conjunction with the statistical model 
presented in Table All. Bartlett's test for homogeneity of 
error (Damon and Harvey, 1987) indicated effective errors 
(Table 1) were non-homogeneous when Ames 1990 was included in 
the test. Consequently, the Ames 1990 experiment was excluded 
from the combined analysis. Replication, block, intra-block, 
and effective error sums of squares, and the degrees of 
freedom associated with each were pooled across 1989 
environments. Table A12 shows the form of the combined 
analysis of variance, with expected mean squares and 
components of variance derivations. Standard errors (SE) of 
variance components were determined for individual and 
combined analyses using the formula described by Searle (1971; 
Table AlO). Approximate 90% confidence intervals (l-a=0.9) 
were calculated for genetic variances of traits for individual 
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environments and combined analyses (Knapp et al. 1987; Table 
AlO). Broad sense heritability estimates were determined on a 
progeny mean basis (Hallauer and Miranda, 1988; Table AlO). 
Exact 90% confidence intervals (l-a=0.9) were determined using 
the method described by Knapp et al. (1985; Table AlO). 
Phenotypic and genotypic correlations were calculated using 
plot means for individual environments and adjusted entry 
means for combined analysis according to Mode and Robinson 
(1959; Tables A16 and A17, respectively). 
Linkage Analysis 
Allelic classes at each RFLP locus were tested for 
goodness-of-fit using chi-square analysis (Steele and Torrie, 
1980; Table A2) against an expected ratio of 1A:2H:1B (2 df). 
Loci with distorted ratios were tested for frequency of 
parental alleles using chi-square analysis against an expected 
ratio of 1A:1B (1 df). Genomic composition was determined for 
each F2.3 line by dividing the number of loci representing each 
marker class by the total number of loci scored for that line. 
A histogram was constructed to illustrate genomic composition 
over the population (Figure A8). 
The effect of the percentage of heterozygous RFLP loci on 
tunneling was examined to determine whether degree of 
heterozygosity influenced the amount of tunneling (Edwards et 
al. , 1987) . Correlations between the percentage of each 
genotypic class and tunnel length were determined for each 
environment and the combined analysis using SAS PROC CORR (SAS 
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Inst. Inc., 1988). 
A genetic linkage map was generated from two-point and 
multi-point linkage analyses using MAPMAKER (version 1.9; 
Lander et al. 1987) . Two-point data were generated and loci 
sorted into 11 distinct groups using the command "Group" with 
an LOD of 4.0 and a recombination fraction of 0.30. Three-
point linkage analysis was performed using the command 
"Orders" on each group with an exclusion threshold LOD of 3.0 
to find the best sequence of loci. Unplaced loci were fit to 
the best sequence using the "Try" command. The "Compare" 
command was used to check sequences to assure the best map had 
been determined for each linkage group. The Haldane mapping 
function was used in development of the map. The RFLP map 
reported by Coe et al. (1990) was used to verify mapping 
results. 
OTL Analysis 
Single-factor analysis of variance (SF-AOV; Stuber et al. 
1987) and interval mapping (Lander and Botstein, 1989) were 
used to assess putative linkages between RFLP loci and QTL. 
Analyses were performed using adjusted entry means for each 
environment and combined over 1989 environments. Interval 
mapping provides estimates of genetic location and effects of 
QTL between two flanking markers (Lander and Botstein, 1989). 
SF-AOV was performed for each RFLP locus to detect 
variation in phenotype associated with RFLP genotypic 
constitution. An F-test was performed for each marker locus 
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using the ratio of phenotypic variation among genotypic 
classes to phenotypic variation within genotypic classes 
(Edwards et al. 1987). Significant F-tests were interpreted 
to indicate putative linkage between RFLP loci and QTL. The 
occurrence of false positive F-tests (Type I error) is of 
concern when performing SF-AOV on a large number individual 
tests (Beckmann and Soller, 1986). Ninety-eight SF-AOVs were 
performed for each environment, therefore, approximately five 
false positives could be expected for each environment using 
the standard probability level, P<0.05. The equation a = 1-
(where a = probability of at least one false positive; 
a' = the significance level required per individual F-Test, 
and; t = the number of SF-AOV tests) indicates a 99% 
probability that at least one false positive would occur among 
98 F-tests. Using the equation described above and solving 
for a', significance levels were determined for this 
experiment as 0.0011, 0.0005, and 0.0001 for the 0.10, 0.05, 
and 0.01 probability levels, respectively. A coefficient of 
determination (R^; Steele and Torrie, 1980; Table A20) was 
determined for each locus, and was interpreted as the 
percentage of phenotypic variation explained by a locus. For 
each environment, loci located nearest to LOD peaks were 
evaluated in multiple-loci models using PROC GLM to estimate 
the total R^ value for an environment. 
Interval mapping was performed using MAPMAKER/QTL 
(version 0.9) as described by Veldboom et al. (1994a). Data 
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were analyzed as an F2 intercross using the unconstrained 
genetic model. An LOD score was calculated every two 
centimorgan (cM) using the "Scan" command (Lincoln and Lander, 
1990) . The threshold LOD (T-LOD) value used to declare a peak 
significant was calculated assuming the sparse-map scenario, 
described by Lander and Botstein (1989) : J^dog^oe) (Z„/„) ; where 
a = effective significance level, and; M = the number of 
marker intervals in the genome. The T-LOD calculated for this 
study was 2.3 based on a = 0.05. LOD peak values equal to, or 
exceeding, 2.3 were accepted as likely positions of QTL. This 
procedure assumes that QTL identified throughout the genome 
are independent of each other, and is considered a single-QTL 
model. Ninety-percent support intervals (confidence 
intervals) were located for each significant peak (Lincoln and 
Lander, 1990) . 
Lincoln and Lander (1990) suggested using multiple-QTL 
models to detect QTL whose effects might otherwise go 
undetected. After accounting for QTL detected using single-
QTL models, the genome was re-scanned using a multiple-QTL 
model, which included QTL detected by the single-QTL model. 
Increased T-LOD criteria was required to declare significance 
using multiple-QTL models. An LOD increase of 2.3 over the 
total LOD value for QTL identified in single-QTL models was 
accepted as a significant increase for multiple-QTL re-scans. 
Multiple-QTL re-scans were performed for each environment and 
the combined analysis, and were repeated until significant QTL 
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were no longer detected. 
When two significant peaks appeared to be linked, the 
position of one peak was included in a model while the other 
was scanned. If an LOD increase of a2.3 was detected, this 
was interpreted as two independent QTL. QTL likelihood plots 
were constructed for chromosomes containing significant 
regions. 
After the set of significant regions was established for 
each environment, intervals containing each significant peak 
were mapped individually using the "Map" command. Using 
estimates of location obtained from single QTL analysis, the 
set of QTL was mapped using a simultaneous model, which 
included QTL detected in both scans and re-scans. 
Simultaneous models provide the most precise estimates of 
genetic effects, phenotypic variation explained, and LOD value 
for individual QTL. 
Genetic Effects 
The model describing calculation of genetic effects is 
presented in Table A20. Since evaluation for 2ECB tunneling 
was performed on Fj.j progenies, estimates of dominance effects 
are expected to be one-half that of Fj plants. Therefore, 
dominance deviations were multiplied by two for estimates of 
dominance effects expected in the F2 generation (Mather and 
Jinks, 1971). Type of gene action was determined for each QTL 
from the average level of dominance (dominance/additive 
effects ratio), using the classification system described by 
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Stuber et al. (1987) : additive = 0 to 0.20; partial dominance 
= 0.21 to 0.80; dominance = 0.81 to 1.20, and overdominance > 
1.20. 
Epistatic Interaction 
Pairwise combinations of markers linked to putative QTL 
were analyzed for digenic epistasis using two-way AOV (4 df) 
using SAS PROC GLM (Edwards et al., 1987). Analyses were 
performed for each environment and the combined analysis. 
Significant epistatic effects were partitioned into additive x 
additive, additive x dominant, dominant x additive, and 
dominant x dominant using single-df contrasts. 
Results 
Variance Components 
Genotypic variation (Table 1) among F2.3 lines was 
significant (PsO.Ol) for each environment and the combined 
analysis. The genotype x environment (GxE) component of 
variance for the combined analysis was not significantly 
different from zero (Table 1). Heritability estimates (Table 
1) were 68.7, 49.6, 33.9, and 71.9% for Ames 1989, Ankeny 
1989, Ames 1990, and the combined analysis, respectively. 
Correlations with Morphological Traits 
A certain degree of association is expected between 
tunnel length and height traits due the common type of 
measurement (i.e. data for each trait were recorded as a 
metric distance within a specific portion of the plant). 
Phenotypic correlations (Table A16) between tunnel length and 
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plant and ear heights ranged from rph=0.06 to rph=0.25 among 
individual environments and the combined analysis. Flowering 
traits were negatively correlated with 2ECB tunnel length (rph= 
-0.19 for GDD to 50% pollen-shed, rph=-0.26 for GDD to 50% 
silk-emergence, and rph=-0.17 for silk-delay). Degree of 
heterozygosity was not significantly correlated with tunnel 
length for 1989 environments or the combined analysis (Table 
A18). The relationship between tunnel length and percentage 
homozygous B73 and DE811 loci was positive for B73 and 
negative for DE811 as expected. 
Mid-Parent Heterosis and Transgressive Segregation 
The Fi checks and F2.3 population exhibited mid-parent 
heterosis toward reduced 2ECB tunneling (Table 1). 
Transgressive segregation was observed in two F2.3 progenies 
(Line no.s 44 and 121). Transgressive lines averaged six cm 
less tunneling than the resistant parent, DE811, in each of 
three environments. There were no F2.3 progenies that 
consistently transgressed the susceptible parent, B73, in 
three environments. 
Linkage Analysis 
There was no significant deviation from the expected 
parental allele frequencies of 0.50 among 98 marker loci. 
Observed ratios of genotypic classes at 92 of the 98 loci fit 
the expected 1A:2H:1B segregation ratio. Six loci (6%) 
deviated from expected segregation ratios. Deviant 
segregation ratios among loci are not uncommon in maize RFLP 
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studies (Helentjaris et al., 1986). Veldboom et al. (1994a) 
reported 11 of 93 loci (12%) deviated from the expected ratio, 
while Freymark et al. (1993) reported 26 deviations among 103 
loci (25%). Based on the 0.05 probability level used for the 
test, five loci could be expected to deviate due to chance. 
Loci with deviant ratios are located across five chromosomes 
without apparent patterns indicating chromosomal anomalies. 
Consequently, loci with deviant segregation ratios were 
included in construction of the linkage map. The linkage map 
(Figure 1) consists of 98 RFLP loci and agrees with published 
maps (Coe et al., 1990). The map spans a total of 1364 cM 
with an average interval length of 14 cM. Marker locus npi22 0 
was unlinked in this population. Published linkage maps show 
npi220 located on chromosome 8. Lack of polymorphisms allowed 
only short segments of chromosome 8 (41 cM) and chromosome 10 
(34 cM) to be mapped. 
Genomic composition for F2.3 lines averaged 25% homozygous 
B73, 50% heterozygous (B73/DE811), and 25% homozygous DE811 
(Figure A7). Standard deviations of 11, 10, and 10%, 
respectively, indicated that lines were within the expected 
frequency for segregating RFLP alleles of a Fj population. 
Excluding one line, the distribution of RFLP marker genotypes 
among lines ranged from 1 to 47% homozygous B73, 31 to 79% 
heterozygous, and 3 to 48% homozygous DE811. Loci for one 
line (no. 73) were 99% homozygous B73 with only one 
heterozygous locus (umc38B). Tunneling means for line no. 73 
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were not significantly different than B73. 
Genetic Location of OTL Affecting Resistance to 2ECB 
Interval mapping located eight unlinked genomic regions 
with significant effects on tunnel length to chromosomes 1, 3, 
4, 5, 7, and 10 among three environments. LOD values, 
phenotypic variation explained, and genetic effects for 
individual QTL are given in Table 2. Likelihood plots for 
chromosomes containing QTL show estimates of genetic location 
(Figure 2). Single-factor AOV was consistent with interval 
mapping for three intervals with the largest LOD values, 
umcl02-umc26 (LOD=4.3) located on chromosome 3, and umc86B-
umcl47 (LOD=3.5) and umc51-umc68 (L0D=7.1) both located on 
chromosome 5 (Figure 2). Loci with significant associations 
were detected within, or close to, the one-LOD support 
intervals determined from interval mapping. The remaining 
five QTL, identified by interval mapping were located to 
intervals: umcl57-umcll (LOD=2.4) and bnll2.06-umc33 (LOD=2.8) 
located on chromosome 1 (regions unlinked), bnl5.46-umc23B 
(LOD=3.2) on chromosome 4, umcl25-umc35 (LOD=3.2) on 
chromosome 7, and npil05A-umc44 (LOD=3.2) on chromosome 10. 
Due to the large size of interval bnll2.06-umc33 (79.8 
cM), the location of one QTL detected for Ames 1990 is not 
clear from this analysis. Interval mapping places the QTL at 
the midpoint of the interval. Lack of close flanking markers 
raises concern about precision of the estimate of location and 
effect of the putative QTL. Two lines of evidence were found 
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in support the existence of a QTL within interval bnll2.06-
bnl7.08. First, the addition of locus bnl7.08 to a multiple 
regression model for Ames 1990 increased the value by one-
third (from 14 to 20%). Second, interval mapping detected a 
QTL on chromosome 1 three cM distal to bnl7.08 for Ankeny 
1989. Overlapping support intervals indicate the same QTL may 
have been identified in each of the two environments. For the 
purpose of identifying all possible QTL affecting 2ECB 
resistance, it will be assumed a QTL exists somewhere within 
the interval. However, genetic location will remain ambiguous 
until additional markers can be placed within the interval. 
Affects of Environments Sampled on QTL Detection 
Five QTL located to chromosomes 1 (near bnl7.08), 3, 4, 5 
(near umc68), and 7 were each common to two environments. 
Significant LOD peaks indicating QTL located on chromosomes 3, 
4, and 5 were common between 1989 environments and identified 
in the combined analysis. QTL located on chromosomes 1 and 7 
were common to Ankeny 1989 and Ames 1990. In addition, the 
QTL located on chromosome 7 was significant in the combined 
analysis. QTL located to chromosomes 1 (near umcll), 5 (near 
umc86B), and 10 were specific to Ames 1989, Ankeny 1989, and 
Ames 1990, respectively. QTL likelihood plots for each of 
chromosomes 3, 4, 5, and 7, (Figure 2B-E) follow the same 
general pattern for each environment. Significant LOD peaks, 
and peaks not exceeding T-LOD, were observed in similar 
genomic regions. For example, on chromosome 5 significant 
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peaks located near umc68 were identified for 1989 
environments, but there was also a small, nonsignificant, peak 
(L0D=1.9) for Ames 1990. Identification of significant QTL is 
dependent on measurable phenotypic variation affected by-
genotype. Corn borer tunneling for Ames 1990 was apparently 
insufficient to provide strong discriminatory evidence of 
genotypic variation at umc68. Insufficient tunneling resulted 
from F2.3 plants that escaped damage due to low larvae survival 
in the 1990 screening nursery. 
Phenotvpic Variation Explained bv QTL 
Phenotypic variation explained by individual QTL detected 
by interval mapping among three environments ranged from 3.1 
to 28.3%. The values derived from SF-AOV for the loci 
located closest to LOD peaks of individual QTL ranged from 3.3 
to 18.5% (Table 2). Simultaneous models explained 41.4 to 
53.9% of the total variation detected for individual 
environments. Multiple-regression models fitting sets of 
markers most closely linked to QTL explained 20.3 to 3 6.4% of 
the variation for individual environments. By comparison, 
interval mapping explained greater amounts of phenotypic 
variation than SF-AOV among single and multiple QTL models. 
Estimates regarding percentage of h^ explained by QTL can be 
made from total variation estimates derived from simultaneous 
models (Table 2). Variation attributed to QTL should not 
exceed h^ (Edwards et al., 1987). Total variation explained 
by QTL fit to simultaneous models using interval mapping 
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explained 60% of the estimates for both Ames 1989 and the 
combined analysis. Variation attributed to the sets of QTL 
identified for Ankeny 1989 and Ames 1990 exceeded h^ 
estimates. However, upper confidence limits were not exceeded 
for either environment (Table 1). Therefore, QTL identified 
for Ankeny 1989 and Ames 1990 may represent 100% of the 
detectable genetic variation for resistance to 2ECB in those 
environments. 
Parentage. Genetic Effects, and Gene Action of QTL 
DE811 contributed resistance to 2ECB feeding at six QTL, 
while resistant QTL at intervals umcl57-umcll (chromosome 1) 
and bnl5.46-umc23B (chromosome 4) were conferred by B73. 
Reductions in 2ECB tunneling attributed to additive effects 
(a) of QTL contributed by DE811 ranged from 2.2 to 
6.3 cm. Average additive effect of a QTL is illustrated for 
locus umcl02 for Ames 1989 as follows. The effect of 
substituting DE811 alleles at umcl02 is predicted to be 44.3 
cm by adding the product of 2a (a = -6.3 cm) to the homozygous 
B73 mean in Table 2 [56.9 + 2(-6.3) = 44.3 cm]. Magnitudes of 
additive effects were stable between environments. For 
example, the additive effect of QTL located near umc68 was 
-5.8 cm for Ames 1989 compared to -6.3 cm for Ankeny 1989. As 
expected, additive effects of individual QTL in the combined 
analysis are representative of the additive effects averaged 
over 1989 environments. Predicted average additive effects 
deviated no more than 0.4 cm from actual values. Means of 
40 
additive effects over 1989 environments for each of umcl02, 
bnll5.45, and umc68 were -5.2 cm, -3.2 cm, and -6.1 cm, 
respectively. Additive effects determined from the combined 
analysis were -5.0 cm, -2.8 cm, and -6.0 cm, respectively. 
Dominance effects exhibited both positive (+d) and 
negative (-d) tunneling values. The effect of dominance on 
plant phenotype is predicted by adding the sum, (a + d) to the 
homozygous B73 phenotypic mean. Again using locus umcl02 
(Ames 1989) as an example, predicted phenotypic value for the 
heterozygote is 49.2 cm [56.9 + (-6.3 - 1.4) = 49.2 cm]. 
Instabilities were noted in both direction and level dominance 
between environments. Dominance effects were different 
between 1989 environments for QTL located near loci umcl02 on 
chromosome 3 and umc68 on chromosome 5. The dominance effect 
exhibited by locus umcl02 reduced tunnel length (d = -1.4 cm) 
for Ames, while increased tunnel length (d = 3.1 cm) was 
observed for Ankeny. Similarly, the dominance effect of locus 
umc68 increased tunneling (d = 4.3 cm) at Ames, and reduced 
tunneling (d = -0.3 cm) for Ankeny. These observations 
indicate effects of QTL near umcl02 and umc68 are recessive 
for each QTL for one 1989 environment. For the QTL located 
near loci bnl7.08 on chromosome 1 and umcl25 on chromosome 7 
dominance effects were more than two times larger in one 
environment than the other. Dominance effects of the QTL 
located near locus bnll5.45 on chromosome 4 increased 
tunneling in 1989 environments. Genotypes heterozygous at 
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locus bnll5.45 showed overdominance toward increased tunneling 
consistently in 1989 environments, and resistance against 2ECB 
tunneling was recessive. QTL located near loci umc86B on 
chromosome 5 and umc44 on chromosome 10 displayed 
overdominance and dominance, respectively. 
Discussion 
A total of eight unlinked QTL affecting 2ECB resistance 
were identified in this study. Subsets of five QTL were 
identified in two of three environments, and four QTL were 
identified in the combined analysis of 1989 environments. 
Genetic location, additive genetic effects, and parental 
contribution were consistent across environments. Dominance 
effects of QTL located on chromosomes 3 and 5 displayed some 
variation between environments. The investigation reported by 
Schon et al. (1993) and the present study were designed to 
share two common elements; the susceptible parent (B73) and 
environments (Ames and Ankeny 1989). The studies were 
evaluated for resistance to 2ECB in adjacent fields. The data 
were combined over environments for each study. Meaningful 
comparisons regarding number of QTL detected and genetic 
locations and effects can be made between the two studies. 
Consistencv of QTL Affecting Resistance Among Environments 
Four major QTL detected in 1989 environments were in 
agreement and confirmed combined analysis findings. 
Overlapping 1-LOD support intervals indicated similar 
positions of all four QTL. Specific locations of QTL detected 
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on chromosomes 3 and 4 varied between contiguous intervals 
between the two environments. The QTL detected on chromosome 7 
was significant in the Ankeny 1989 and combined analyses and 
likely position of the QTL varied no more than three cM. The 
location of the smaller LOD peak on chromosome 7 for Ames 1989 
was in agreement. The LOD peak for QTL detected on chromosome 
5 varied no more than five cM among individual environments 
and combined analysis. Schon et al. (1993), reported similar 
agreement between environments for seven QTL detected for the 
B73/B52 population. Stuber et al. (1992) reported consistency 
in detecting QTL affecting heterosis for grain yield in maize 
among six geographically diverse environments. 
As reported in previous QTL studies (Paterson et al., 
1991 and Bubeck et al., 1993), number of QTL detected differed 
among environments. Furthermore, one unique QTL was detected 
in each environment. One possible explanation is that these 
QTL are displaying sensitivity to environment consistent with 
GxE interactions observed in breeding programs. Paterson et 
al. (1991) reported more than 50% of the QTL affecting fruit 
size, soluble solids concentration, and pH were affected by 
QTL detected in only one of three environments. Bubeck et al. 
(1993) noted similar inconsistencies among three environments 
for QTL detected for gray leaf spot resistance in maize. 
Another explanation for the occurrence of unique QTL is its 
effect may have been small enough to go undetected in the 
second environment. Cowen (1988) showed that by increasing 
43 
the number of progeny, the probability of detecting QTL with 
smaller effects would increase as well. Schon et al. (1993) 
was able to detect seven significant QTL using 300 progenies, 
while only four were detected in the analysis of 150 progenies 
evaluated in this study. 
Estimates of level of dominance and direction of 
dominance for QTL located near umcl02 and umc68 differed among 
environments. QTL located near bnll5.45 and umcl25 displayed 
more consistent genetic effects in the range of dominance to 
overdominance. QTL most useful to maize breeders are those 
with a predictable response that show very little change gene 
in action among environments. 
Diversity of QTL Originating From DE811 and B52 
Previous investigations reporting number, location, and 
effects of QTL conferring resistance to 2ECB by inbred B52 
have been reported by Onukogu et al. (1978), Schon et al. 
(1993), and Jarboe (1993). At least 10 unique QTL, 
originating from B52, were identified among the studies. 
Comparisons of genetic location and effects can be made 
between studies. Phenotypic variation explained by four QTL 
(44%) in B73/DE811 was slightly greater than was reported for 
seven QTL (38%) in B73/B52. Size of additive effects of 
individual QTL identified for both B73/DE811 and B73/B52 was 
similar with tunneling reductions ranging from three to six 
cm. Dominance effects of individual QTL were larger for 
B73/DE811, and may explain the disparity in variation 
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explained between populations. 
To investigate genetic homogeneity among QTL between 
populations, comparisons were drawn between B73/DE811 and 
B73/B52 genetic maps using common loci as points of reference 
where possible. Two QTL contributed by resistant parents, 
DE811 and B52, mapped to similar chromosomal positions in both 
populations. On chromosome 1, a QTL was localized within 10 
cM of marker umc33 in both populations. A second region 
located on chromosome 3 defined by loci bnl8.35 and bnll5.20 
was identified for both populations. The QTL on chromosome 3 
for B73/DE811 was located to a 9.3 cM interval, umcl02-umc26; 
and was localized for B73/B52 within a 22 cM interval, umcl75-
bnl5.37. One additional region mapping close to umcl25 on 
chromosome 7 was identified in each population. However, the 
QTL was contributed by the susceptible parent, B73, in the 
B73/B52 population. QTL identified in this study may also be 
consistent with factors detected on chromosome arms IL and 5S 
by Onukogu et al. (1978). Bubeck et al., (1993) reported 
similar associations for QTL affecting resistance to gray leaf 
spot among three populations, which used B73 as a common 
susceptible parent. The resistant parent for each population 
contributed QTL that mapped to the same region on chromosome 
2. Dominant and partial dominant types of gene action were 
exhibited for chromosome 1 (bnl7.08) respective to B73/DE811 
(Ankeny 1989) and B73/B52 populations. Additive and 
overdominant types of gene action were determined for QTL on 
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chromosome 3 respective to B73/DE811 and B73/B52 populations. 
The QTL located on chromosome 7 for B73/DE811 exhibited 
overdominant gene action, while in B73/B52 additive gene 
action was determined. It is possible these are the same QTL 
in each population, yet exhibit different gene action. 
Russell {1972a) reported average level of dominance displayed 
by B52 depended upon the genetic background of the susceptible 
parent. 
If QTL identified in this study are assigned to 
chromosome arms based on published maps (Coe et al., 1990), an 
assessment of heterogeneity among QTL affecting resistance to 
2ECB originating from DE811 and B52 can be made. Based on 
this and previous studies, at least 13 factors (IS, IL, 2S, 
2L, 3S, 3L, 4L, 5S, 5L, 7L, 8L, and lOL) conferring resistance 
to 2ECB have been identified on eight chromosomes originating 
from resistant inbreds B52 and DE811. Ten of these (all 
except 3S, 4L, and 8L) have been characterized in the B73 
genetic background. Beavis et al. (1991) demonstrated genetic 
heterogeneity among QTL affecting plant height among four 
maize populations. Fourteen diverse QTL were identified in 
their study, but none were consistently found among the four 
populations. 
The potential number of unique elite lines using various 
combinations of B52 and DE811 alleles could be quite large. 
However, it may only be necessary to focus on QTL with large 
effects. This may have important consequences in development 
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of elite lines with genetic resistance to 2ECB. Schon et al. 
(1993) explained that one potential advantage of introgressing 
alleles that induce resistance in elite lines is that 
resistance could be enhanced without conserving chromosomal 
regions associated with poor agronomic performance from the 
donor parent. It should not be expected, however, that all 
chromosomal regions affecting reduced tunneling will provide 
useful genetic host-plant resistance. For example, effects 
imparted by the QTL near bnll5.45 is contributed by B73 and 
recessive (e.g. a=-2.8 and d=6.0). Therefore, it would not be 
a useful source of resistance in hybrid combinations. In 
contrast, the QTL affecting resistance on chromosome 7 
(umcl25) displayed overdominant (e.g. a=-4.1 and d=-5.4) gene 
action in the direction of increased resistance, and would be 
expected to improve resistance in hybrids. 
QTL Affecting 2ECB Resistance Originating From B73 
Significant effects of QTL contributed by B73 were 
detected in B73/DE811 and B73/B52 (Schon et al., 1993) 
populations. For this study, QTL identified on chromosome 1 
near umcll and chromosome 4 near bnll5.45 were contributed by 
B73. The QTL identified near umcll on chromosome 1 
corresponds to a region affecting ear height in all three 
environments (Brinkman et al., 1995). While reduced 2ECB 
tunneling was affected by B73 for Ames 1989, the effects of 
DE811 alleles increased ear height in all three environments. 
Schon et al. 1993 reported a region detected on chromosome arm 
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3L was not a physiological mechanism of resistance, but rather 
a physical limitation of plant stature manifesting reduced 
2ECB tunnel length. In this situation, reduced ear height may 
have determined 2ECB tunnel length. Therefore, the existence 
of a QTL at near umcll with a physiological basis for reduced 
tunnel length should be interpreted with caution. 
Comparison of these results to those reported by Schon et 
al. 1993 indicates location of QTL affected by B73 is not the 
same between the two populations. Two regions affected by B73 
in B73/B52 were located on chromosomes arms 7L and lOL. 
Unique QTL were identified for each population supports a 
hypothesis by Scott et al. (1967) that a susceptible parent 
may possess alleles for resistance that produce an effect only 
when combined with other genes for resistance. 
Evidence of digenic epistasis was detected in this study 
between loci located on chromosome 4 (bnll5.45; B73) and 
chromosome 7 (umcl25; DE811). Schon et al. (1993) reported 
interaction between loci located on 2L (umcl37; B52) and lOL 
(npi303; B73). In both studies additive x dominant epistasis 
was detected. Jennings et al. (1974a) reported the effects of 
epistasis on genetic variation were different among four 
resistant x susceptible crosses. Earlier evidence suggested 
epistatic effects depended upon the genetic background of the 
susceptible parent. This evidence indicates that the genetic 
background of the resistant parent also plays an important 
role in determining interlocus interactions. 
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Conclusions 
Estimates of genetic location and effects of QTL are 
essential considerations for the development of marker-
assisted selection (MAS) strategies. Characterization of QTL 
over environments gives at least an indication of both. In 
this study, a unique array of QTL was identified for each of 
three environments. However, only a subset of the total QTL 
were identified in multiple environments. Data analyzed from 
any single environment would not provide conclusive evidence 
of location or effects of QTL in another environment. In this 
study, five putative QTL controlling resistance to 2ECB 
tunneling were identified in at least two environments. Four 
QTL were detected in the 1989 combined analysis explaining 
33.6% of the variation accounting for 47% of the variation 
measured by heritability estimates. 
Two QTL were contributed by the susceptible parent, B73. 
Location of these QTL were not in agreement with two regions 
contributed by B73 in a B52/B73 population reported by Schon 
et al. (1993). Additive by dominant epistasis was detected 
between QTL contributed by resistant and susceptible parents 
in both studies. This evidence suggests that genetic 
background of the resistant parent plays a role in the 
identity of resistant alleles in the susceptible parent. 
Two QTL having similar map positions were identified 
between B73/DE811 and B73/B52 on chromosomes 1 and 3. 
Therefore, DE811 and B52 may share at least two common genetic 
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factors. 
Additive genetic effects were consistent over 
environments, while dominance effects were more erratic in 
both level and direction of dominance. The sum of the effects 
for the combined analysis shows resistance is primarily 
additive (Table 2). Consistency of dominance effects is 
desirable in commercial breeding programs. Traits expressing 
dominance or overdominance are amenable to exploitation in 
commercial hybrids. In the B73/DE811 population one putative 
QTL, located near umcl25 (chromosome 7), showed consistent 
dominance effects for reduced tunneling over two environments. 
This investigation demonstrates the usefulness of RFLP-
facilitated studies to characterize QTL. A marker-assisted-
selection strategy could be used to monitor transmission of 
useful host-plant resistance against 2ECB. For example, 
individual lines could be assessed for selected QTL 
characterized by dominant gene action that might otherwise be 
confounded by the additive effects of recessive QTL in a 
selection strategy based solely on phenotypic selection. 
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Table 1. Summary of statistical analyses for B73/DE811 F2.3 
lines evaluated for 2ECB tunneling in three environ­
ments and combined analysis 
Ames 
1989 
Ankeny 
1989 
Ames 
1990 Combined' 
Means 
B73 
DE811 
F1 
F2.3 Lines 
LSDq  Q 5  
Range 
Minimum 
Maximum 
80 
35 
38 
51 
19 
20 
87 
W-Test 0.984 
Variance Components 
g 
2 
ge 
94.6 ±12^ 
103.6 ±18** 
Heritability 
h^ 
90% C.I.* 
68.7 
(59, 76: 
65 
26 
41 
43 
19 
20 
76 
0 . 987 
94.3 ±13 
46.4 ±13' 
49.6 
(32, 62) 
29 
19 
9 
17 
13 
4 
36 
0 . 969* 
41.6 ±5 
10.7 +4* 
33 . 9 
(12, 50) 
72 
31 
40 
47 
14 
23 
75 
0 . 985 
94.5 ±9 
68.6±11* 
6.3 ±4 
71. 9 
(63, 79) 
*'** Significant at the 0.05 and 0.01 probability levels, 
respectively. 
' 90% 1-01=0.90) confidence interval (Knapp et al. , 1985). 
' Combined over Ames and Ankeny 1989. 
® Standard errors of variance components (Searle, 1971). 
C1 C2 C3 C4 C5 
b n l 5 . 6 2  
u m c 9 4  
u m o 1 6 4  
u m o 1 5 7  
u m c l l  
u m c 1 3  
• b n l 1 2 . 0 6  
3 . 1  
4 . 6  
1 9 . 8  
1  2 . 2  
:  3 . 2  
b n l 7 . 0 8  
u m c 3 3  
u t n c 2 3  A  
u m c S S  
i s u 6  
u m c 8 6 A  
1  2 . 8  
: 2.1 
2  1  . 6  
2 9 . 3  
3 3 . 3  
u m c 7 8  
u m c 6  
u m c 3 4  
u t n c 1 3 6  
p h p 1 0 0 1 2  
u m c 1 3 1  
u m c S  
u m c 4  
8 . 0  
•  3 . 0  
:  2 . 6  
1 3 . 7  
1 9 . 3  
SCALE 
b n l 8 . 1 5  
u  m c 1 2 1  
b n l 8 . 3 5  
u m c 9 2  
U f n c 1 0 2  
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Figure 1. RFLP linkage map for B73/DE811 generated using 150 randomly selected F2.3 
lines and 97 RFLP markers. Interval lengths are presented on the right of 
of each chromosome. Genetic distance in Haldane cM is on the right of 
each interval. Centromeres were visually placed based on published RFLP 
maps. Markers that deviated from the expected 1:2:1 segregation ratio are 
designated by * and ** indicating significant deviations at the 0.05 and 
0.01 probability levels, respectively 
Table 2. Characterization of genetic regions with significant QTL detected for 
resistance to 2ECB in a B73/DE811 F2:3 population for individual 
environments and the combined analysis of 1989 environments 
Chr. Interval 
LOD Value' 
Dist.' Scnl Scn2 
Variation^ 
B73/B73^ 
%Var. Mean 
Effect" 
Gene 
Action Parent 
Ames 1989 
1 umcl57-umcll 
3 umcl02-umc26 
4 bnl.546-umc42 
5 umc51-umc68 
Ankeny 1989 
1 bnl7.Q8-umc33 
3 umc26-umcl65 
4 bnl15.45-umc23B 
5 umc86b-umcl47 
5 umc51-umc68 
7 umcl25-umc35 
Ames 1990 
1 bnll2.06-
bnl7•08 
7 umcl25-umc3 5 
10 npil05a-umc44 
-cM-
-7 
+1 
+6 
• 1 2  
,4" 
.3"* 
.4 
, 8 '  
2 . 8  
6.4 
12.5* 
4.1 
7.3 
10.6 
12.7 
5.2 
10 .2 
cm 
55.3 -0.3 -16.1 OD 
56.9 -6.3 -1.4 PD 
45.8 -4.1 7.3 OD 
55.6 -5.8 4.3 PD 
B73 
DE 
B73 
DE 
13. 5 33 .6 41. 4 59 .5 -16. 5 -5 .9 PD 
+3 0. 9 2 .5" 3 .3 3 . 1 45 .7 -2 . 8 -2 .8 D DE 
+6 1. 4 2 .5" 3 .9 4 . 7 45 .4 -4 . 1 3 . 1 PD DE 
1 0 1. 2 2 .3" 3 . 6 3 . 5 39 . 9 -2 . 2 4 .3 OD B73 
+1 3 . 5*** - - - 10 .6* 12 . 4 49 .4 -2. 5 -6 .3 OD DE 
-7 7. 1"* - 18 .5"* 24 . 8 50 . 1 -6. 3 -0 .3 A DE 
+ 13 2 . 5" -— 6 .6 15 . 9 52 . 5 -4 . 6 -6 .8 OD DE 
17 . 6 36 .4 53 . 9 64 . 1 -22. 5 -8 .8 PD 
-39 2 . 8" - - - 5 . 7 27. 7 21 . 7 -2 . 8 -8 .7 OD DE 
+ 12 3 . 1*" — 6 .1 28 . 3 24 .3 -3 . 7 -3 .1 D DE 
-5 3 . 2*** 8 .5 11. 9 19 .5 -2. 1 -3 .0 D DE 
7 . 5 20 .3 42 . 6 27 .6 -8. 6 -14 .8 OD 
1989 Environments Combined 
3 umcl02-umc26 0 3 .9*" --- 11 .4*** 11 .8 51 .5 -5 .0 -0 .8 A DE 
4 bnll5.45-umc23B 0 1 .6 3.2*** 5 . 0 4 .8 43 .2 -2 . 8 6 .0 OD B73 
5 umc51-umc68 -9 5 .6*** --- 14 .5*** 20 .2 53 .3 -6 .0 1 . 5 PD DE 
7 umcl25-umc35 +10 2 .3** --- 6 .1 12 .3 55 . 7 -4 . 1 -5 .4 OD DE 
15 .2 33 . 6 44 .2 59 .2 -17 .9 1 . 3 A 
*'**'*** Significant at the 0.10, 0.05, and 0.01 probability levels, respectively. 
'Genetic distance from nearest RFLP locus to the maximum LOD peak within the 
interval. The marker located nearest to the peak is underlined. The RFLP locus on 
the left of the interval is oriented toward the terminal end of the short arm of the 
chromosome. Positive position values indicates distance is measured from the left to 
right within intervals; negative values indicates distance is measured from right to 
left. 
•significant regions detected in the initial scan (Scnl) and in re-scans (Scn2). A 
T-LOD value of 2.3 was used to declare significance for Scnl and Scn2. 
^Variation explained using SF-AOV (R^) and interval mapping (%Var.). Coefficient of 
determination (R^) is reported for the locus nearest to the peak of each significant 
region detected by interval mapping. 
^Mean value for homozygous B73 individuals at the QTL, while genotypes at other loci 
varied at random. Total represents individuals that are homozygous B73 at QTL 
included in the simultaneous model. For QTL contributed by B73 (IS and 4S) , the 
value includes additive effects. 
"Genetic effects. Negative values of additive (-a) and dominance (-d) effects 
indicate a reduction in centimeters of 2ECB tunneling. Positive effect values 
indicate an increase in 2ECB tunneling. Direction of dominance is indicated by the 
positive or negative value. 
Figure 2. QTL likelihood plots of chromosomes 1, 3, 4, 5, 7, and 10 for tunnel 
length for each of three environments and the combined analysis. Each 
plot consists of a genetic map of the chromosome, which represents LOD 
zero, and a line representing T-LOD of 2.3; for re-scans the threshold 
LOD represents an increase of 2.3. LOD distributions for scans and 
re-scans are designated by regular ( ) and beaded (—•—) lines, 
respectively. The double-arrow lines represent 1-LOD support intervals; 
the arrow toward the chromosome is the most likely position of the QTL. 
Significant loci detected using SF-AOV are designated by *, **, and ***, 
representing significance at the 0.10, 0.05, and 0.01 probability levels, 
respectively 
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A. QTL likelihood plots for chromosome 1 for each environment and the 
combined analysis 
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Figure 2. (continued) B. QTL likelihood plots for chromosome 3 for each environment 
and the combined analysis 
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Figure 2. (continued) C. QTL likelihood plots for chromosome 4 for each environment 
and the combined analysis 
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Figure 2. (continued) D. QTL likelihood plots for chromosome 5 for each environment 
and the combined analysis 
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Figure 2. (continued) E. QTL likelihood plots for chromosome 7 for each environment 
and the combined analysis 
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Figure 2. (continued) F. QTL likelihood plots for chromosome 10 for each environment 
and the combined analysis 
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II. GENETIC LOCATION AND CHARACTERIZATION OF 
CHROMOSOMAL REGIONS AFFECTING HEIGHT AND 
FLOWERING TRAITS IN A MAIZE POPtJLATION 
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ABSTRACT 
This study was conducted to estimate the genetic location 
and effects of quantitative trait loci (QTL) affecting five 
morphological characters in a maize (Zea mavs L.) population. 
Plant (PHT) and ear (EHT) height were evaluated in three 
environments. Growing-degree-days to 50% pollen-shed (PGDD) 
and silk-emergence (SGDD) and silk-delay (SDLY) were evaluated 
in two environments. Estimates of QTL location and effects 
were compared among environments. An unselected sample of 150 
F2.3 lines was developed by self-pollinating plants of a cross 
between inbred lines B73 and DE811. Restriction fragment 
length polymorphism (RFLP) analysis was performed on F2.3 lines 
using 94 probes, from which 98 loci were mapped. Interval 
mapping and single-factor analysis of variance were used to 
detect chromosomal regions containing QTL. QTL were assessed 
in multiple models to establish the role of each as a 
component of total variation. 
M. J. Brinkman, Keltgen Seed, 3720 Arch Ave., Grand Island, NE 
68803; M. Lee and W. L. Woodman, Dept. of Agron., Iowa St. 
Univ., Ames, lA 50011; 'Corresponding author. 
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Twenty QTL detected among the five traits were significant in 
multiple models. Eleven (55%) of the QTL were detected in 
more than one environment. Individual QTL explained from 7.5% 
to 24.8% of the variation among traits. Dominant and 
overdominant types of gene action were observed for most QTL. 
Both parents contributed QTL that increased plant stature. 
QTL contributed by B73 exclusively reduced growing-degree-days 
required for pollen-shed and silk emergence. 
Introduction 
Most traits affecting agronomic performance in maize are 
quantitatively inherited. Quantitative inheritance implies a 
trait is governed by a number of genes, with various effects 
on the phenotype, subject to environmental interaction 
(Falconer, 1989). Plant breeders have long realized that 
knowledge regarding inheritance of traits is required to 
maximize efficiency of breeding programs. Molecular marker-
facilitated investigations have yielded information that has 
enhanced the understanding of principles underlying 
quantitative inheritance in maize. 
Edwards et al. (1987) identified chromosomal regions 
affecting phenotypic variation observed in 25 traits of maize. 
Variation explained by individual isozyme loci ranged from 0.3 
to 16.0% among traits. Cumulative effects of QTL linked to 
isozyme loci explained 40% of the variation in days to silk, 
35% of the variation in ear height, and 40% of the variation 
for plant height. Freymark et al. (1993) used restriction 
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fragment length polymorphism (RFLP) markers to locate five 
chromosomal regions influencing resistance to northern corn 
leaf blight (Exserohilum turcicum). Variation explained by 
individual QTL ranged from 6.8 to 18.1% for average number of 
lesions, percent diseased tissue, and size of lesions. 
Veldboom et al. (1994) used RFLPs to identify QTL affecting 
plant stature and flowering traits. Genomic regions were 
identified for each of anthesis, silk emergence, and plant and 
ear heights explaining as much as 83.6% of phenotypic 
variation for a single trait. 
Selection of genotypes that perform well in target 
environments is a primary objective of applied breeding 
programs. Consistent performance across environments is an 
indication of low genotype by environment (GxE) interaction. 
Molecular markers have been used to investigate GxE 
interaction. Paterson et al. (1991a) identified 29 QTL 
affecting three fruit quality traits of tomato (Lvcopersicon 
esculentum Mill.) among three environments. About half (48%) 
of the QTL could be detected in more than one environment. 
Similarly, Bubeck et al. (1992) reported a lack of consistency 
of detection of QTL affecting gray leaf spot (Cercospora zea-
mavdis Tehon & Danials) among three environments. Of QTL 
detected on nine chromosomes, only two were detected in more 
than one environment. In contrast, Stuber et al. (1992) 
reported little evidence of GxE for QTL affecting heterosis 
for grain yield identified across six environments. Schon et 
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al. (1993) evaluated a population of 300 B73/B52-F2.3 progenies 
for resistance to second generation European corn borer (2ECB; 
Ostrinia nubilalis Hiibner) and plant height across two 
environments. Locations and effects of QTL were consistent 
across environments. In the combined analysis, QTL affecting 
2ECB resistance and plant height explained 38% and 63% of the 
observed phenotypic variation. 
Heterogeneity among QTL affecting a trait can be assessed 
by comparing genetic location and effects across populations. 
Beavis et al. (1991) identified 14 diverse QTL affecting plant 
height among four F2.4 maize populations. Most of these QTL 
were associated with qualitative mutant loci. In some cases, 
QTL have been identified in multiple populations. Bubeck et 
al. (1992) detected a QTL affecting resistance to GLS that 
mapped to chromosome 2 across three populations. The genetic 
background of the susceptible parent for each population was 
B73. Tanksley and Hewitt (1988) caution that QTL should be 
evaluated in several genetic backgrounds before making 
judgements regarding the usefulness of the QTL. 
The objectives of this study were to: 1) locate and 
estimate the genetic effects of factors affecting five 
morphological traits, and 2) compare estimates of gene 
location and effects among environments. 
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Materials and Methods 
Population Development 
An unselected sample of 150 Fz-derived lines in the F3 
generation (F2:3) was developed from a population of a cross 
between inbred lines B73 and DE811. Inbred B73 (female 
parent) is adapted to the Central U.S. Cornbelt, and has been 
widely used in U.S. maize breeding programs due to its high 
productivity for grain yield as an inbred line and in hybrid 
combinations (Russell, 1972). DE811 is adapted to the Central 
U.S. Cornbelt and exhibits high levels of host-plant 
resistance to 2ECB (Hawk, 1985). The cross was made in 1987 
at the Iowa State University Agronomy Research Center near 
Ames, lA. The population was developed from a single Fj^ plant 
grown at the 1987-88 winter nursery and self-pollinated to 
obtain F2 seed. In 1988 Fj plants were self-pollinated to 
obtain F2.3 lines. 
RFLP Data 
The RFLP genotype for each Fj plant was determined using 
DNA extracted from a sample of F2.3 progeny. Twelve kernels of 
each F2,3 line, parents, and the F^ were planted in eight-inch 
pots in a greenhouse. At the five- to six-leaf stage, equal 
quantities (typically from ten plants) of plant tissue were 
harvested for each line as a bulked-tissue sample. Bulked-
tissue samples were lyophilized for seven days, ground using a 
cyclone mill, and stored at -20°C. Total plant DNA was 
isolated from 0.7 g of bulked-tissue following a modification 
12  
of a technique (Veldboom et al., 1994) described by Saghai-
Maroof et al. (1984) . Ten micrograms of DNA of each F2.3 line 
were digested in single-digests with restriction endonucleases 
EcoRI. EcoRV, and HindiII• Single-digests were 
electrophoresed on 0.7% agarose gels in Ix gel buffer (40 mM 
Tris acetate [pH 8.0], 1 mM EDTA) overnight at 24 volts. 
Digested samples of B73, DE811, and the were included on 
each gel as a reference. Southern blot analyses were 
performed on denatured, neutralized gels using nylon membranes 
described by Southern (1975) . Ninety-four genomic and cDNA 
probes were used in this study; each of probes umc23, umc38, 
umc86, and npilOS detected two loci (Table Al). Probes were 
provided by Brookhaven National Laboratory (Burr et al., 
1988), the University of Missouri-Columbia (Coe et al., 1990), 
Native Plants Inc. (Weber and Helentjaris, 1989), Pioneer 
Intl. (D. Grant, personal communication), and Iowa State 
University (M. Lee, personal communication). Selection of 
probes was based upon two criteria: 1) distinct polymorphisms 
observed between parents, and 2) genetic map location. Probes 
were radiolabeled by random primer synthesis (Feinberg and 
Vogelstein, 1983) , using a reaction mixture containing 10 fil 
oligo-labeling buffer, 0.5 /xl bovine serum albumin, 0.5 /2I 
[^^P] deoxy-CTP, and 1 /xl Klenow fragment to a specific 
activity of 1 x 10® cpm/mole. Overnight hybridizations were 
carried out using a modification of a method (Veldboom et al., 
1994) described by Helentjaris et al. (1985) in 500-ml Nalgene 
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bottles in a rotisserie oven at 65°C. Hybridized blots were 
used to expose X-ray film at -80°C using two intensifying 
screens for three to five days. Probe was stripped from blots 
using 0.2 M Tris [pH 7.5], 0.Ix SSC, 0.2% SDS. 
Autoradiographs were scored twice, independently, for each 
probe/enzyme combination as follows: A=B73/B73, H=B73/DE811, 
and B=DE811/DE811. 
Field Experiments 
Experimental entries consisted of the 150 F2.3 lines, and 
two entries each of B73, DE811, and the (B73/DE811) . The 
was included to assess heterosis for traits of interest. 
Entries were evaluated in hill plots, consisting of two hills 
spaced on centers of 0.76 and 1.02 m at Ames and Ankeny, 
respectively. Plots were over-planted and thinned to three 
plants per hill. The entries were arranged in a 12 x 13 
simple rectangular lattice design with two replications. 
Experiments were evaluated in three environments, at the 
Agronomy and Agricultural Engineering Research Center located 
near Ames, lA in 1989 and 1990; and at the Iowa State 
University Research Farm near Ankeny, lA in 1989. Experiments 
were planted 25 April at Ankeny and 11 May at Ames in 1989 and 
2 9 May at Ames in 1990. Fertility, weed control, and 
cultivation practices were consistent with high-production 
regimes used in this region. 
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Trait Evaluation 
Plant height (PHT) was determined by measuring the 
distance (cm) from soil level to the to tip of the central 
tassel branch. Ear height (EHT) was measured as the distance 
from soil level (cm) to the highest ear-bearing node. Plant 
and ear heights were measured on all plants per plot. Plot 
values were calculated as the average of six plants. Data for 
days to 50% pollen-shed (e.g. 3 of 6 plants shedding pollen) 
and silk-emergence were collected at Ames in 1989 and 1990. 
Cumulative growing-degree-days (GDD) were calculated for 50% 
pollen-shed (PGDD) and silk-emergence (SGDD). Cumulative GDD 
were determined based on diurnal maximum and minimum 
temperatures (°C) from planting date to 50% pollen-shed and 
silk-emergence using the formula: [Maximum Temperature + 
Minimum Temperature]/2 - 10°C; where temperature a 30°C = 
30°C; and temperature s 10°C = 10°C (Brown, 1969) . 
Temperature data for Ames environments were obtained from the 
U.S. Department of Commerce, Climatology Data for Ames, lA 
(1989-90). Silk-delay (SDLY), an indirect measurement of 
delay in GDD from 50% pollen-shed to 50% silk-emergence, was 
calculated as: SDLY = SGDD - PGDD. 
Environmental Conditions 
Cumulative GDD May through September for 1989 and 1990 
were 1525 and 1574, respectively, and were consistent with a 
30-year average GDD of 1532 (1951-1980 data; U.S. Dept. of 
Commerce, 1982) . Cumulative precipitation during vegetative 
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and reproductive growth phases (June-August) for 1989 was 
about 61% of the 30-year average. Cumulative precipitation 
June through August 1989 totaled 19.4 cm, while the 30-year 
average for the same period is 31.6 cm. However, timely 
precipitation sustained normal plant growth and development 
throughout the growing season. Precipitation received for the 
same period in 1990 was 51.4 cm. 
Phenotypic Data Analysis 
Values for missing values were calculated using SAS 
general linear models procedure (PROC GLM; SAS Inst. Inc., 
1988) . Histograms were constructed for each trait using 
adjusted entry means. Distributions of adjusted entry means 
for each environment and combined analysis was tested for 
normality using the Shapiro-Wilke W-test statistic (Shapiro 
and Wilke, 1965) . Entry means for PHT, EHT, PGDD, and SGDD 
fit normal distributions for individual and combined analyses 
(Figs. A2-6 Tables 1 and 2). Silk-delay means for Ames 1989 
and the combined analysis significantly deviated from 
normality (Table 2) . Square-root, logn,, and loge 
transformation did not improve distributions. A non-normal 
distribution violates the assumption of normality necessary 
for interval mapping (Lincoln and Lander, 1990). However, 
Knott and Haley (1992) reported that interval mapping is not 
significantly affected by non-normality. 
The computer program PLABSTAT (Utz, 1987) was used to 
obtain block and unadjusted entry sums of squares, effective 
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mean square, and adjusted entry means. Entry means were 
adjusted for incomplete block effects for use in further 
analyses when the adjustment improved the relative efficiency 
(RE) of the experiment (Cochran and Cox, 1957). With the 
exception of PHT (RE=100%) for Ankeny 1989, REs ranged from 
101% to 160%. Adjusted entry means were used for traits 
exceeding 100%. Further partitioning of adjusted sums of 
squares was performed using SAS PROC GLM and ANOVA (SAS Inst. 
Inc., 1988) . Combined analyses of variance were performed for 
each trait using adjusted entry means. Replication, block, 
intra-block, and effective error sums of squares, and the 
associated degrees-of-freedom (df) were pooled across 
environments. Components of variance and related standard 
errors were determined for individual experiments and combined 
analyses (Searle, 1971) . Approximate 90% confidence intervals 
(1-Q!=0.9) were calculated for genetic variances of traits for 
individual environments and combined analyses (Knapp et al. 
1987). Broad sense heritability estimates were determined on 
a progeny mean basis (Hallauer and Miranda, 1988) . Exact 90% 
confidence intervals (1-q!=0.9) were determined using the 
method described by Knapp et al. (1985) . Phenotypic and 
genotypic correlations were calculated using plot means for 
individual environments and adjusted entry means for combined 
analysis according to Mode and Robinson (1959). T-tests were 
performed to test the significance of correlation coefficients 
(Damon and Harvey, 1987). 
77 
Linkage Analysis 
Allelic classes at each RFLP locus among F2.3 lines were 
tested for goodness-of-fit using chi-square analysis (Steele 
and Torrie, 1980; Table A2) against an expected ratio of 
1A:2H:1B. Loci with distorted ratios were tested for 
frequency of parental alleles using chi-square (1 df) against 
an expected ratio of 1A:1B. Genomic composition was 
determined for each F2.3 line by dividing the number of loci 
representing each marker class by the total number of loci 
scored for that line. 
The effect of the percentage of heterozygous and 
homozygous RFLP loci traits was examined to determine whether 
degree heterozygosity influenced plant stature and flowering 
traits (Edwards et al., 1987). Correlations between 
percentage of each marker class and traits were determined for 
environments and combined analyses using SAS PROC CORR (SAS 
Inst. Inc., 1988). Some significant, but not large, 
correlations were noted. Correlation coefficient for PHT and 
percent heterozygous loci was r=0.20**. PHT and homozygous B73 
marker class showed a significant relationship (combined r=-
0.19**). Significant correlation coefficients for PGDD with 
homozygous classes B73 and DE811 were r=-0.17* and r=0.16*, 
respectively. Similar values were observed for SGDD with 
marker classes. 
A genetic linkage map was generated from two-point and 
multi-point linkage analyses using MAPMAKER (version 1.9; 
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Lander et al. 1987). Two-point data were obtained and loci 
were sorted into 11 distinct groups using the command "Group" 
with an LOD of 4.0 and a recombination fraction of 0.30. 
Three-point linkage analysis was performed using the command 
"Orders" on each group with an exclusion threshold LOD of 3.0 
to find the best sequence of loci. Unplaced loci were fit to 
the best sequence using the "Try" command. The "Compare" 
command was used to check sequences to assure the best map had 
been determined for each linkage group. The Haldane mapping 
function was used in development of the map. The RFLP map 
reported by Coe et al. (1990) was used to verify mapping 
results. 
OTL Analysis 
Interval mapping, based on maximum likelihood estimates 
(Lander and Botstein, 1989), and single-factor analysis of 
variance (SF-AOV; Soller et al., 1976) were used to assess 
putative linkages between RFLP loci and QTL. Interval mapping 
provides estimates of genetic location and effects of QTL that 
lie between two flanking markers (Lander and Botstein, 1989 
and Stuber et al., 1992) . In this study, both single- and 
multiple-QTL models were used to characterize QTL. Single-QTL 
models were used to locate QTL. Significant QTL were included 
in multiple models using interval mapping to assess effects of 
models consisting of two or more QTL. 
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Sinale-OTL Models 
Interval mapping was performed to identify likely genomic 
locations of QTL using MAPMAKER/QTL (version 0.9) as described 
by Veldboom et al. (1994). Data were analyzed as an Fj 
intercross. Log-of-the-odds-ratios (LOD values) were 
generated at 2 centimorgan (cM) increments using an 
unconstrained genetic model (Lincoln and Lander, 1990). An 
LOD threshold (T-LOD) of 2.3 was established as the 
significance level assuming the sparse-map scenario described 
by Lander and Botstein (1989) : i^dogme) (Z„/„) ; where a. = 
effective significance level, and; M = the number of marker 
intervals in the genome. This value represented an effective 
significance level of Q!=0.05, which accounts for 87 intervals 
tested in the analysis. Localized peaks in chromosomal LOD 
distributions were declared likely positions of QTL if 
associated LOD values were a2.3. Ninety percent support 
intervals (confidence intervals) were located for each 
significant peak. Support intervals encompassed the region on 
either side of a peak for which a one unit decrease in LOD 
value was observed (Lander and Botstein, 1989). 
SF-AOV was performed for each of 98 RFLP loci using SAS 
PROC GLM (SAS Inst. Inc., 1988). F-tests were performed using 
the ratio of phenotypic variation among marker classes to 
phenotypic variation within marker classes (Edwards et al. 
1987). Significant F-tests were interpreted to indicate 
linkage between RFLP loci and QTL. Significance levels for 
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SF-AOV were adjusted for 98 individual tests performed to 
reduce the occurrence of type I errors (false positives). 
This was done understanding that the type II error (undeclared 
positives) rate might increase. The equation a = l-(l-a')'^ 
(where a = probability of at least one false positive; a' = 
the significance level required per individual F-Test, and; t 
= the number of SF-AOV tests) indicates a 99% probability that 
at least one false positive would occur among 98 F-tests. 
Based on the above equation, effective significance levels 
were calculated as 0.0011, 0.0005, and 0.0001 respective to 
0.10, 0.05, and 0.01 probability levels. A coefficient of 
determination (R^; Steele and Torrie, 1980) was determined for 
each locus, and interpreted as percentage of phenotypic 
variation explained by a locus. 
Multiple-OTL Models 
Previous reports suggest that when multiple QTL affect a 
trait, single-QTL model estimates of genetic effects may be 
statistically biased (Knapp, 1991; and Moreno-Gonzalez, 1992). 
Interval mapping using a single-QTL model assumes the 
phenotype is explained by a single QTL located at the position 
being tested together with normally distributed environmental 
variance (Lincoln and Lander, 1990) . It has been suggested 
that variation attributable to specific genomic positions can 
arise from other genetic and non-genetic sources (Lander and 
Botstein, 1989; Knapp, 1991; and Moreno-Gonzalez, 1992). 
Variation may result from epistasis, partially spurious 
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results, and anomalies within the data set (Lincoln and 
Lander, 1990), which could lead to erroneous results. For 
this study multiple-QTL models, ranging from subsets of two 
QTL to the entire set of QTL affecting a trait within an 
environment, were used to ameliorate this problem. Multiple 
models estimate the effects of several QTL simultaneously, by 
determining the fraction of total phenotypic variance that 
each QTL is likely to affect (Lincoln and Lander, 1990). 
Multiple-QTL models were performed using combinations of 
QTL detected by single-QTL analysis for each environment. 
Functions of this analysis were to identify: 1) QTL 
combinations of n-QTL (where n = 1,2,3,...total number of QTL 
identified for an individual environment) models that explain 
the greatest amount of phenotypic variation, and 2) QTL that 
were significant in single models, but non-significant in 
multiple models. To accomplish this, QTL were evaluated for 
every possible (n-QTL) subset combination. For example, if 
five QTL were found to affect a trait in single-QTL models, 
all possible combinations for each of 2-, 3-, and 4-QTL 
subsets were evaluated. The combination that produced highest 
LOD value for each subset was assumed the best model to 
explain the phenotypic variance for that combination. Since 
degrees of freedom increase as QTL are added to the model, the 
T-LOD should be increased (Lander and Botstein, 1989) . 
However, theory regarding the appropriate T-LOD for multiple 
models has not been developed. An LOD increase of 2.3, over 
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the previous n-QTL model, was selected to declare an (n+1)-QTL 
model significant. Stuber et al., (1992) reported using a 2.0 
LOD increase as criteria for multiple-QTL models. 
Phenotypic effects for individual QTL were estimated from 
multiple-QTL models which included all significant QTL 
affecting a trait within an environment simultaneously. Thus 
unbiased estimates of genetic effects and total variation 
explained by the set of QTL identified for a trait were 
obtained (Stuber et al., 1992; and Veldboom et al., 1993). 
Total values were obtained by fitting multiple-regression 
models using loci located closest to each significant LOD peak 
using SAS PROC GLM (SAS Inst. Inc., 1988). 
When two significant peaks were detected to be linked, an 
analysis was performed to determine if independent QTL were 
associated with each peak. The position of one peak was 
included in the model while the other peak was scanned. A 
significant increase in LOD value (LOD&2.3) indicated a second 
QTL. 
Estimation of Genetic Effects 
Additive and dominance effects were derived from 
MAPMAKER/QTL using the simultaneous model (Lincoln and Lander, 
1990) . Since F2.3 progenies were evaluated, estimates of 
dominance effects are expected to be one-half that of Fj 
plants. Therefore, dominance deviations were multiplied by 
two for estimates of dominance effects expected in the Fj 
generation (Mather and Jinks, 1971) . Type of gene action was 
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determined for each QTL from the average level of dominance 
(dominance/additive effects ratio), using the classification 
system described by Stuber et al. (1987): additive = 0 to 
0.20; partial dominance = 0.21 to 0.80; dominance = 0.81 to 
1.20, and overdominance > 1.20. 
Epistatic Interaction 
Pairwise combinations of markers linked to putative QTL 
were analyzed for digenic epistasis using two-way AOV (4 df) 
using SAS PROC GLM (Edwards et al., 1987). Analyses for 
epistatic effects were performed for each environment and the 
combined analysis. Significant epistatic effects were 
partitioned into additive x additive, additive x dominant, 
dominant x additive, and dominant x dominant using single-df 
contrasts. 
Results 
Variance Components 
With the exception of SDLY for 1990, genotypic variances 
were significant for each trait for each environment and 
combined analysis (Tables 1 and 2). Significant genotype by 
environment (GxE) interactions were detected for PHT, EHT, 
PGDD, and SGDD. Heritabilities for PHT and EHT in combined 
analyses were 90.0 and 86.3%, respectively, and were generally 
high for each environment (Table 1). Heritabilities of 
flowering traits for individual environments, excluding SDLY 
at Ames 1990, ranged from 53.5% for PGDD at Ames 1990 to 77.8% 
for SGDD at Ames 1989 (Table 2) . The h^ of SDLY at Ames 1990 
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was 17.3% and not significantly different from zero. 
Heritabilities in combined analyses were 73.6, 72.3, and 54.5% 
for PGDD, SGDD, and SDLY, respectively. 
Correlation Between Traits 
Genotypic correlations were generally higher than 
phenotypic correlations for each trait (Tables 3). Genotypic 
correlations were in good agreement with results summarized by 
Hallauer and Miranda (1988) . As expected, high degrees of 
association existed between PHT and EHT (combined:rg=0.80) and 
between PGDD and SGDD (combined; rg=0 . 90) . Correlations 
between height and flowering traits were significant in some 
instances, but were not considered high. 
Linkage Analysis 
Observed segregation ratios of genotypic classes at 92 of 
the 98 loci (94%) fit the expected 1:2:1 segregation ratio. 
None of the six loci significantly deviated from the expected 
0.50 parental allele frequencies. Deviant segregation ratios 
among loci are not uncommon in maize RFLP studies (Helentjaris 
et al., 1985). Veldboom et al. (1994) reported 11 of 93 (12%) 
deviated from the expected ratio, while Freymark et al. (1993) 
reported 26 deviations among 103 loci (25%). Based on 0.05 
probability level used for the test, five loci could be 
expected to deviate due to chance. Loci with deviant ratios 
were distributed at random across five chromosomes, and were 
included in construction of the linkage map. The linkage map 
(Fig. 1) consists of 98 RFLP loci and agrees with published 
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maps (Coe et al., 1990). Locus npi220 was unlinked in this 
population. Published linkage maps show npi220 located on 
chromosome 8. Lack of polymorphisms allowed only short 
segments of chromosomes 8 (41 cM) and 10 (34 cM) to be mapped. 
Genomic composition for F2.3 lines averaged 25% homozygous 
B73, 50% heterozygous (B73/DE811), and 25% homozygous DE811. 
Standard deviations of 11, 10, and 10%, respectively, 
indicated lines were within the expected frequency for 
segregating RFLP alleles of an F2 population. Excluding one 
line, the distribution of RFLP marker genotypes among lines 
ranged from 1 to 47% homozygous B73, 31 to 79% heterozygous, 
and 3 to 48% homozygous DE811. Loci for line no. 73 were 
almost entirely homozygous B73 (99%) with one heterozygous 
locus at umc38B. 
Number and Location of QTL 
Six unlinked genomic regions significantly contributed to 
variation in PHT (Table 4; Fig. 2). QTL located on chromosome 
1 near umcl3 and on chromosome 4 near npi410 were detected in 
each of three environments by interval mapping and SF-AOV. An 
additional QTL on chromosome 4 near umc31 was detected in two 
environments. Each QTL detected in multiple environments was 
also detected in the combined analysis. Increased PHT was 
contributed by DE811 for QTL located near umcl3, npi410, and 
umc31. QTL located on chromosome 1 near umc83, chromosome 3 
near bnl8.35, and chromosome 6 near bnl6.29 were each unique 
in single environments. Increased PHT for QTL located near 
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umc83, bnl8.35, and bnl6.29 originated from B73. Individual 
QTL explained from 8.1 to 24.8%. Total phenotypic variation 
explained by QTL detected for individual environments were 44, 
29, and 27% for Ames and Ankeny 1989 and Ames 1990, 
respectively. Three QTL detected in the combined analysis 
accounted for 24.3% of total variation. 
Additive effects of QTL affecting PHT were relatively 
consistent across environments, while dominance effects proved 
more variable (Table 4) . Dominance effects consistently 
increased PHT. Except for the QTL near umcl3, dominance 
effects of individual QTL were greater than additive effects 
resulting in overdominant gene action in 1989 environments. 
QTL identified for Ames 1990 and for umcl3 detected for Ankeny 
1989 exhibited predominantly additive effects, which resulted 
in partial dominant gene action. 
Multiple-QTL models for PHT suggest that each QTL 
accounted for a significant portion of the total variation in 
at least one environment (Table 5). Three-QTL models best 
explained total phenotypic variation for each environment. 
The QTL located near umcl3 significantly contributed to total 
variation in each environment, while QTL near umc31 and npi410 
were each significant in multiple-QTL models in at least one 
environment. The best 2-QTL model for Ankeny 1990 did not 
include the QTL with the greatest individual LOD. This 
suggests a synergistic effect between QTL at bnl6.29 and 
npi410. However, two-way AOV did not reveal epistasis between 
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the pair as discussed later in this manuscript. 
Significant QTL affecting EHT were located to eight 
genomic regions using single-QTL models (Table 4; Fig. 3). 
Multiple-QTL models determined a subset of five QTL accounted 
for a majority of the variation. QTL located on chromosome 1 
near umcl3 and on chromosome 9 near umcBl were detected in 
three environments, and QTL on chromosome 4 near umcBl and on 
chromosome 6 near npi235 were detected in two environments. 
QTL located on chromosome 9 near umc70 and on chromosome 6 
near umc38A were unique to Ames 1990. QTL were detected 37 cM 
apart on chromosome 4 in different analyses; for Ames 1990 a 
QTL was detected near umcl9, and for the combined analysis 
near umcl5. Loci umcl3, npi235, and umcSl were identified 
using SF-AOV and interval mapping. QTL contributed by DE811 
located near umcl3, umc31, umcl9, umcl5, and umc81 effectively 
increased EHT. B73 contributed three QTL located near npi235, 
umc3 8A, and umc70 that increased EHT. Four QTL located on 
chromosome 1 and chromosome 4 corresponded with regions 
affecting PHT, a highly correlated trait. Variation explained 
by individual QTL affecting EHT ranged from 7.8 to 18.9%. 
Additive and dominance effects for EHT appeared to be 
relatively consistent across environments. Dominance effects 
of QTL were toward both increased and decreased EHT. Gene 
action determined for individual QTL included additive, 
partial dominance and overdominance. 
Cumulative gene action was not consistent across 
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environments. Cumulative additive effects were greater than 
dominance effects for Ames 1989 and the combined analysis, and 
resulted in additive gene action. For Ankeny 1989 and Ames 
1990 the magnitude of dominance effects was about twice that 
of additive effects resulting in overdominance gene action. 
A model including five of seven QTL detected for Ames 
1990 (Table 5), explained 56% phenotypic variation which 
represented 72% of the h^ estimate. QTL located near umcl9, 
umcl5, and umc38A did not significantly contribute to 
variation when fit to multiple-QTL models (Table 5). This 
suggests variation detected at those positions using single-
QTL models may be explained by QTL at other positions. One 
possible explanation for detection of false positives on 
chromosome 4 is that collinearities may have occurred between 
EHT and PHT for loci in that region. For example, there are 
two QTL on chromosome 4 (umcl9 and umcl5) were located within 
the region contributing a significant effect on PHT. 
Four QTL were identified by both interval mapping and SF-
AOV for PGDD (Table 4; Fig. 4). QTL located on chromosome 1 
near umcl3 and chromosome 5 near bnll0.12 were identified for 
both environments, and two QTL located on chromosome 3 near 
umc92 and bnl3.18 were detected for individual environments. 
Each QTL was contributed by B73 and effectively decreased 
PGDD. Variation explained by individual QTL ranged 10.1 to 
15.7%. Dominance effects were exclusively unidirectional 
toward early flowering. Types of gene action exhibited for 
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individual QTL included additive and partial- to over-
dominance. Each QTL significantly contributed to variation in 
multiple-QTL models (Table 5). 
Three significant regions affected SGDD in single-QTL 
models (Table 4; Fig. 5). Multiple-QTL models determined most 
of the variation could be explained by two QTL. Each QTL 
corresponded with a region affecting PGDD, a highly correlated 
trait. Two QTL were identified in each environment. A QTL 
located on chromosome 5 near bnll0.12 was common to both 
environments. Variation explained by individual QTL ranged 
from 7.6 to 19.1%. The QTL near bnll0.12 consistently 
explained about 15% of the variation measured in each 
environment and 19% in the combined analysis. Similar to 
PGDD, B73 contributed QTL which effectively decreased SGDD. 
Dominance effects were unidirectional toward earliness and 
were greater than additive effects resulting in dominant and 
overdominant types of gene action for each of the QTL. 
Cumulative gene action was overdominant for both environments. 
Variation contributed by the QTL near bnll2.06 did not 
significantly increase the LOD for the two-QTL model (Table 
5), which may represent a collinear response due to its 
association with PGDD. 
Three QTL significantly affected SDLY (Table 4; Fig. 6) . 
QTL located on chromosome 4 near npi292 and on chromosome 5 
near umc68 were contributed by B73 and effectively reduced 
SDLY. DE811 contributed a QTL that reduced SDLY on chromosome 
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3 near umc92. Variation explained ranged from 7.5 to 10.8%. 
Types of gene action exhibited by individual QTL were 
additive, dominance and overdominance. Dominance effects 
decreased SDLY for QTL located near umc92 and npi292, while 
dominance effects for the QTL detected near umc68 increased 
SDLY. SDLY was not highly correlated with PGDD or SGDD. A 
QTL near umc92 affecting PGDD and contributed by B73, was 
located within one cM of a QTL affecting SDLY and contributed 
by DE811 (Table 4; Fig.s 4B and 6A), which indicates the QTL 
are tightly linked. The region on chromosome 5 near umc68 
affecting SDLY is located about 30 cM distal to bnll0.12 
identified for PGDD and SGDD, however, a small area of 
overlapping support interval with PGDD was observed. 
Discussion 
Comparisons of QTL Identified Across Environments 
A total of 24 QTL were detected for five traits evaluated 
over three environments (Table 4). Four QTL (17%) did not 
significantly contribute to variation in multiple models 
(Table 5). Of the remaining 20 QTL, 11 (55%) were identified 
in at least two environments. In comparison with previous 
studies, these results may represent intermediate GxE based 
upon frequency of QTL detection across environments. 
Representing one extreme, Bubeck et al. (1992) reported poor 
agreement among three environments for QTL affecting gray leaf 
spot. Of QTL detected on nine chromosomes only two were 
detected in multiple environments. Results of the present 
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study are somewhat better than those reported by Paterson et 
al., (1991a), where 48% of the QTL affecting three fruit 
quality traits of tomato were detected in two or more 
environments. Brinkman et al. (1995) and Schon et al. (1993) 
reported five of eight (63%) and four of seven (57%) QTL 
affecting 2ECB resistance, respectively, detected in multiple 
environments. Stuber et al. (1992) reported that QTL 
affecting grain yield were consistently detected among six 
diverse environments. Effects were measured on backcross 
progenies where 63% of the loci are homozygous for the 
recurrent parent. Therefore, larger proportion of dominance 
effects were detected. In contrast, the genetic background of 
F2.3 lines equally represents two parental genotypes that are 
each 25% homozygous and a larger proportion of additive 
effects are expected. As Stuber et al. (1992) noted, results 
for other types of experimental material such as Fj plants, F3 
families, or testcrosses may be different. 
Assessment of genotypes for stability of performance 
across environments is routinely performed by maize breeders 
(Hallauer et al., 1988). The objective is to identify 
genotypes with genetic compositions that provide desirable 
phenotypes consistently over environments. Indeed, maize 
breeders would prefer QTL whose influence on the genotype does 
not change over a range environments, resulting in genotypes 
with low GxE interaction. 
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Correlation Between Traits 
Possible genetic mechanisms causing correlation between 
two characters are pleiotropy, linkage, or both (Mode and 
Robinson, 1959). It was not surprising to discover genomic 
regions which appeared to influence two or more traits. QTL 
with manifold effects were defined by overlapping likelihood 
intervals (Paterson et al., 1991a) and common loci using SF-
AOV (Edwards et al., 1992). QTL located on chromosome 1, 
chromosome 4, and chromosome 6 within the intervals umcll-
umcl3, umc31-bnl5.46, and npi235-PLl, respectively, affected 
both PHT and EHT (rg=0.80; Figs 2A and 3A) . A region centered 
at umcl3 on chromosome 1 (Figs 2A, 3A, 4A) was associated with 
PGDD, PHT, and EHT. The large correlation coefficient between 
PGDD and SGDD (rg=0.90) is explained primarily by two regions 
on chromosome 3 and chromosome 5 (Figs 4B,C and 5B,C). A QTL 
within the interval bnl7.71-bnllO.12 located on chromosome 5 
affected PGDD and SGDD. On chromosome 3 QTL located between 
loci umc26 and npi212 had significant effects on both PGDD and 
SGDD (Figs 4B and 5B). QTL affecting PGDD and SGDD located on 
chromosome 3 mapped about 20 cM apart (Table 4), which implies 
the QTL are not the same. One QTL, (bnl8.35-umc92) affected 
PHT for Ames 1989, and PGDD and SDLY for Ames 1990, yet these 
traits were not highly correlated. These results provided 
genetic evidence in favor of the genetic linkage as a 
mechanism for correlations between traits as proposed by Mode 
and Robinson (1959). 
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Pleiotropy is distinguished from linkage by recovering 
recombinants that represent each trait presumed under control 
of the same genomic region. Breaking a tight linkage, 
however, requires the evaluation of thousands of progenies. 
Others have proposed marker-based methods to further resolve 
genetic relationships between traits. Schon et al. (1993) 
demonstrated the interrelationship between resistance to 2ECB 
and plant height at a QTL that appeared to affect both traits. 
This was accomplished by examining the ratio of the traits 
(2ECB/PHT). Subsequent QTL analysis of the ratio suggested 
that effects of 2ECB tunneling and PHT were collinear for one 
genomic location. Paterson et al., (1990) reported a method 
of substitution mapping, using overlapping recombinant 
segments, to fine-map within a significant region as plausible 
means of discerning pleiotropy from close linkage. Paterson 
et al. (1991b) have emphasized that even at high levels of 
locus density (resolution) on genetic maps, it is difficult to 
prove that a single QTL represents only one gene. 
Transqressive Segregation 
The range of phenotypes among F2.3 lines exceeded the 
range defined by parental means for each of the traits. This 
characteristic of complex inheritance is referred to as 
transgressive segregation. Ear height represented the best 
example of transgressive segregation in this study. Parental 
means for EHT for Ames 1989 were each 110 cm. The spectrum of 
F2.3 phenotypes is presumed to have resulted from genetic 
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recombination ranged from 69 to 139 cm. deVicente and 
Tanksley (1993) reported that for an interspecific cross of 
tomato the occurrence of transgressive individuals was 
directly linked to the presence of complimentary QTL alleles 
in the two parent species. For this study, both parents 
contributed QTL that increased EHT. It was surprising, 
however, to find that for most QTL dominance effects reduced 
EHT, while dominance effects of QTL affecting PHT increased 
stature. It appears the effects of specific combinations of 
QTL on phenotypes are responsible for the transgressive 
segregation observed in EHT. 
Knowledge of location and diversity of QTL affecting a 
specific trait may be an important aspect in the prediction of 
transgressive segregation between two lines. If transgressive 
segregation is a function of diversity between complimentary 
alleles, then crosses between inbreds showing high levels of 
molecular diversity at, or near, known QTL positions may yield 
a higher proportion of transgressive segregants than crosses 
between individuals showing less diversity. 
Association With Loci Having Known Functions 
Several QTL detected for height characters appear to 
originate from genomic positions at, or near, loci known to 
affect plant stature in a qualitative manner. These results 
are based solely upon observations made by comparing QTL 
positions on our map to loci on published genetic maps (Coe et 
al., 1990). Five QTL identified for PHT and EHT corresponded 
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with loci defined by mutants with qualitative effects such as, 
brl and br2 located on chromosome 1; ^  on chromosome 3; and 
d3 on chromosome 9. These observations agree with several 
other studies that have shown associations between QTL and 
known mutant loci (Beavis et al., 1991; and Schon et al., 
1993) . 
QTL originating near umcl3 on chromosome 1 affected PHT 
and EHT in this study. Similarly, Beavis et al. (1991) and 
Schon et al. (1993) reported QTL affecting PHT located near 
bnll2.06 (4 cM proximal to umcl3) in B73/iyiol7 and B73/B52 
populations, respectively. Additive effects of B73 alleles 
reduced PHT in all three populations. Beavis et al. (1991), 
pointed out that the qualitative locus br2 has been mapped to 
the same region. Overdominant gene action was determined for 
each population, with the direction of dominance effects 
toward increased PHT for B73/DE811 and B73/B52, and toward 
reduced PHT for B73/Mol7. A QTL located near umc83 
effectively increased PHT for B73/DE811 and B73/G35 (Beavis et 
al., 1991). The qualitative locus brl has been mapped to the 
chromosomal region near umc83 (Beavis et al., 1991). In this 
study, the QTL at umc83 was significant only for Ames 1990, 
which suggests that GxE interaction influenced magnitude of 
the QTL effects among environments. A QTL located on 
chromosome 3 near bnl8.35 detected for Ames 1990, coincided 
with QTL reported for each of B73/Mol7 and B73/G35 populations 
(Beavis et al., 1991). For each population, the effects of 
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the B73 allele increased PHT. Like urac83, bnl8.35 was 
significant in one environment. Gene action determined for 
QTL was overdominant, dominant, and additive for B73/DE811, 
B73/Mol7, and B73/G35, respectively. This suggests that the 
genetic background of the non-B73 parent influences the 
effects and gene action of QTL contributed by B73. Beavis et 
al. (1991) reported that bnl8.35 was located near the 
qualitative mutant On chromosome 9 the location of a QTL 
near umc81 affecting EHT in each of three environments agrees 
with the location of QTL affecting PHT for B73/B52 (Schon et 
al. , 1993), B73/Mol7, and J40/V94 (Beavis et al., 1991). The 
d3 locus is located in the same region on chromosome 9. The 
B73 allele effectively reduced EHT in B73/DE811, and PHT in 
the B73/B52, B73/Mol7, and J40/V94. The QTL did not 
significantly affect PHT in this study. Furthermore, there 
was no basis for genetic correlation (linkage or pleiotropy) 
between PHT and EHT on chromosome 9. Therefore, this QTL is 
probably not a qualitative mutant of but a QTL mapping to 
the same region. 
Many traits do not have obvious associations with 
qualitative loci. Traits affecting anthesis and silk 
emergence are good examples. However, one region on 
chromosome 5, centered at bnll0.12, affected both PGDD and 
SGDD in this population. Veldboom et al. (1994) reported the 
same genomic region affected PGDD in a Mol7/H99 population. 
Veldboom et al. (1994) reported the QTL effectively reduced 
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GDD and was contributed by Mol7. In this study, the QTL was 
contributed by B73. 
Results of this study, and previous studies, support the 
theory that loci with qualitative mutants may affect variation 
in quantitative traits. Robertson (1985) suggested that the 
phenotypic expression of null and near-null alleles of 
quantitative loci, which have been altered by mutation, 
explain the discrete variation observed to be qualitative. 
Several of the aforementioned studies including this one have 
identified QTL at loci other than at those with known mutants. 
As Robertson (1985), Edwards et al. , (1992), and Veldboom et 
al. (1994), have pointed out, the qualitative loci for plant 
stature that are presently known probably represents a minimum 
number. 
Pairwise Comparisons for Epistatic Effects 
Two-way analysis of variance did not detect epistatic 
interaction between QTL for traits reported in this study. 
This does not, however, disprove the possibility that 
epistatic effects could contribute to genetic variance for 
these traits. Schon et al., (1993) and Brinkman et al., 
(1995) have each reported evidence for epistatic effects 
between loci affecting 2ECB resistance for populations with a 
common susceptible parent. The susceptible parent contributed 
QTL affecting resistance. These QTL originated from different 
genomic regions, which apparently depended upon the resistant 
parent. Both studies reported significant epistatic 
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interactions. Paterson et al., (1991b) cited possible causes 
for the inability to detect epistatic effects. Epistasis 
might not be sufficiently prominent in species and traits 
currently under investigation. Another possibility is that 
genetic mapping experiments may lack statistical power 
required to detect epistasis due to small population sizes. 
Hallauer and Miranda (1988) report that mean comparisons of 
crosses produced among elite lines commonly show evidence of 
epistatic effects, yet estimates of components of epistatic 
variances continue to elude researchers. Explanations 
regarding the nature of epistatic interactions would be of 
practical importance to plant breeders. New experimental 
approaches, which may include QTL analysis, are needed to 
further the understanding of epistasis. 
Conclusions 
Twenty-four QTL affecting five morphological traits were 
identified in this study. Twenty QTL significantly 
contributed to phenotypic variation in multiple models. 
Eleven QTL (55%) were detected in multiple environments. QTL 
displayed stable genetic effects and similar gene action 
across environments. Estimations of genetic location and 
effects of major QTL are important considerations for marker-
assisted selection based breeding strategies. Genetic 
mechanisms contributing to genetic correlation proposed by 
Mode and Robinson (1959) were observed for highly correlated 
traits in this study. Linkage was noted for QTL affecting 
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PGDD and SGDD on chromosome 3. However, it could not be 
discerned whether three regions affecting variation for both 
PHT and EHT were due to tightly linked loci or pleiotropy. 
Five QTL affecting PHT and EHT mapped close to genetic 
locations of qualitative mutants. These findings support the 
theory proposed by Robertson (1985) and previous RFLP 
investigations which identified similar associations. 
Evidence of digenic epistasis was not detected in this study. 
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Table 1. Summary of statistical analyses for B73/DE811 F2.3 lines evaluated for 
plant and ear heights in three environments and the combined analysis 
Plant Height Ear Height 
Ames Ankeny Ames Ames Ankeny Ames 
1989 1989 1990 Combined 1989 1989 1990 Combined 
Means 
cm 
B73 245 , .6 199 .0 223 , . 9 222 . 9 109.5 76, .7 89 .7 92 . 0 
DE811 259. 8 220 .0 237, .3 239 .1 110.4 81, .7 87 .2 93.1 
F1 276 , . 0 231 .8 265, .5 257.8 114.5 87, .0 102 . 1 101.2 
Fj.jLines 259 , .3 210 .7 228 , .2 232 .7 106 . 9 78 , .2 87 . 0 90 . 7 
LSDoos 18 . 2 29 . 0 24 , . 1 14 . 8 13 .8 18 , . 9 14 . 9 9 .1 
Range 
Minimum 189 . ,7 142 . 0 175 . .5 169.1 68.8 45 . , 6 57 . 8 58 . 0 
Maximum 296 . .1 251 .5 269. 0 269.2 139.2 99. ,9 116 .3 113 .4 
W-Test 0 . 972 0 . 977 0 . 984 0.982 0 . 988 0.975 0 . 980 0 . 982 
Variance Components and Heritabllity 
85 ±10 215 ±26 149 ±18 160 ±12 49 ±6 91 ±12 57 ±7 64 ±5 
al 318 +42" 262 ±44** 228 ±36** 258 ±33** 126 ±18** 63 ±14** 96 ±15** 87±12** 
--- --- --- 6 ±3* --- --- --- 9± 1** 
h^ 88.2 70.9 75.4 90.0 83.6 58.2 77.2 86.3 
90% C.I.'(84, 91) (62, 78) (67, 81) (87, 92) (78, 88) (44, 69) (69, 83) (83, 89) 
*'** Significant at the 0.05 and 0.01 probability levels, respectively. 
^ 90% (1-Q?=0.90) confidence interval (Knapp et al. , 1985). 
H O U1 
Table 2. Summary of statistical analyses for B73/DE811 F2.3 lines evaluated for 
growing-degree-days to 50% pollen shed (PGDD) and silk emergence (SGDD) 
and silk delay (SDLY) 
PGDD SGDD SDLY 
1989 1990 Combined 1989 1990 Combined 1989 1990 Combined 
Means 
Range 
Minimum-
Maximum-
---GDD---
B73 838 , . 3 891, .7 865 . 0 849 , . 0 888.5 868 . 8 11, .3 -2 , . 9 4 .2 
DE811 896 .  6 918 , . 9 907 .2 899, .4 929.5 914 . 5 3 , . 6 9 , .4 6 .5 
F1 829, .0 862 . 0 845 . 5 831, , 8 865.8 848 . 8 3 , .3 3 , .2 3 .2 
F2.3 Lines 838 , .2 889, .5 863 . 9 855 , .9 894 . 9 875 .4 17 , .7 5 , .3 11 .5 
LSDg 05  32 , .2 42 , . 1 26 .4 33 . ,6 45.8 28 .3 30 , .9 27, .5 20 .6 
791.9 
894 . 8 
832 . 6 
945.8 
817.5 
916.5 
799 . 9 
934 .1 
W-Test 0.971 0.982 0.982 0.979 
Variance Components and Heritability 
829.3 
973 . 6 
0 . 990 
827.5 
938 .4 
-15 . 0 
112 .4 
0.978 0.886 
-24.5 
43 . 0 
0 . 977 
-15.9 
68 .4 
0 . 959* 
-ge 
h^ 
268±33 457±56 362±32 291±34 540+66 416±36 246±30 195+24 220+19 
374 + 61** 263±63**291±47** 508 + 77**333+77**356 + 59** 151+35** 20 + 18 73±17** 
28±14* 64 + 18** 13 + 9 
73.6 53.5 73.6 77.8 55.2 72.3 
90% C.I.' (65,80) (38,65) (65,80) (71,83) (41,66) (64,79) 
55.2 17.3 54.5 
(42,66) (-10,37) (40,65) 
Significant at the 0.05 and 0.01 probability levels, respectively. 
' 90% (1-q!=0.90) confidence interval (Knapp et al. , 1985). 
H O 
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Table 3. Phenotypic and genotypic correlations among plant 
height (PHT), ear height (EHT), growing-degree-days 
to 50% pollen shed (PGDD) and silk emergence (SGDD), 
and silk-delay for B73/DE811 F2.3 lines 
Ames 
1989 
Ankeny 
1989 
Ames 
1990 Combined 
Phenotypic Correlations 
PHT X EHT 
PHT X PGDD 
PHT X SGDD 
PHT X SDLY 
0, 
0 .  
0 , 
• 0 .  
78 
18' 
12 
06 
0 . 72 0 . 76** 
-0 .10 
-0 .08 
0 . 0 2  
0 . 78 
0.17' 
0.17* 
0 . 03 
EHT X PGDD 
EHT X SGDD 
EHT X SDLY 
0.31 
0.10 
•0 .28' 
-0 .11 
0 . 07 
-0.07 
0 .32" 
0.19** 
•0.20** 
PGDD X SGDD 
PGDD X SDLY 
0.79** 
-0.18* 
91** 
05 
0 . 8 6  
•0 . 09 
SGDD X SDLY 0.48** 
Genetic Correlations 
0 .45 0 .44** 
PHT X EHT 
PHT X PGDD 
PHT X SGDD 
PHT X SDLY 
0.81 
0.22' 
0.16 
• 0  .  0 6  
0 . 78 0 .74** 
0.30** 
0.38** 
0 .44** 
0 . 8 0  
0 .24** 
0.25** 
0 . 0 6  
EHT X PGDD 
EHT X SGDD 
EHT X SDLY 
0 .37** 
0 .12 
•0 .37** 
0 .50** 
0.50** 
0.17* 
0.40** 
0 .25** 
•0 .27** 
PGDD X SGDD 0.84 
PGDD X SDLY -0.05 
0 .97* 
0 .25* 
0 . 90** 
•0 . 03 
SGDD X SDLY 0 . 50 0.47 0 .41 
*'** Significant at the 0.05 and 0.01 probability levels, 
respectively. 
Table 4. Characterization of regions with significant QTL detected for plant and ear 
heights, growing-degree-days to 50% pollen shed and silk-emergence, and 
silk-delay for a B73/DE8II-F2..3 population for individual environments and 
combined analyses 
% Variation® Effect* 
LOD* B73/B73^ Gene 
Chr. Interval Dist.' Value %Var. Mean a d Action Parent 
Plant Height-
Ames 1989 
1 bnll2•06-bnl7 
3 bnl8.35-umc92 
4 umc87-umc31 
4 umcl5-npi410 
Ankeny 1989 
1 umcll-umcl3 
4 umc31-bnl5.46 
4 npi410-phpl0025 
6 bnl6.29-npi235 
Ames 1990 
1 umcll-umcl3 
1 umc83-isu6 
4 umcl5-npi410 
Combined 
1 umcll-umcl3 
4 umc31-bnl5.46 
4 npi410-phpl0025 
+28 3 . 1 8 .7 24 . 8 
+ 1 2 .8 8 .4 8 . 9 
0 2 . 7 8 .6 8 .1 
+ 1 3 . 1 9 .2* 9 . 5 
11 .4 28 .2 44 . 0 
+ 11 3 . 0 9 .1* 10 . 1 
5 2 .6 7 .1 8 .6 
+ 2 3 .4 8 . 9 11 .2 
+ 1 3 . 1 9 . 1 9 .7 
10 .0 25 .9 28 .5 
+ 11 3 . 1 9 .3* 9 . 9 
+2 2 . 8 8 .9 8 .8 
+2 4 .2 11 .7"* 13 .1 
9 .4 24 .8 26 . 7 
+ 11 3 . 6 10 .  7** 11 . 5 
5 2 .6 7 . 1 8 . 6 
+ 5 3 . 9 10 .0* 14 .4 
8 . 1 21 . 6 24 . 3 
— cm 
243 . 0 11 .3 16 . 5 OD DE 
258 . 8 -4 .3 16 .8 OD B73 
249 . 2 6 .2 10 .6 OD DE 
248 . 9 5 .3 9 . 1 OD DE 
226 . 9 18 . 5 53 . 0 OD 
200. 5 7 . 5 5 .7 PD DE 
200 . 3 3 .2 10 .7 OD DE 
198 . 6 4 .8 10 . 8 OD DE 
208 . 3 -4 .3 16 . 1 OD B73 
188 . 1 11 .2 43 .3 OD 
219. 1 6 . 6 5 .1 PD DE 
232. 9 -6 .7 3 .8 PD B73 
216. 8 7 . 1 5 . 6 PD DE 
217. 2 7 . 0 14 .5 OD 
223 . 1 6 . 9 5 .3 PD DE 
223 . 5 4 .4 7 .2 OD DE 
220 . 5 4 . 9 11 .5 OD DE 
210 . 1 16 .2 24 . 0 OD 
Ear Height-
Ames 1989 
1 umcll-umcl3 + 10 4 .2 12 . 3 
4 umc87-umc31 0 2 .7 8 . 7 
9 umcll3-umcBl +29 2 .5 7 . 2 
9 . 7 26 . 3 
Ankeny 1989 
1 umcl3-bnll2 . 06 0 3 . 8 11 . 2 
6 npi235-Pll 1 4 . 9 13 . 2 
9 umcll3-umcBl + 30 3 .  0 8 . 0 
12 , . 7 29 . 5 
Ames 1990 
1 umcll-umcl3 + 8 5 , .9 15 .4 
4 umc31-bnl5.46 +4 2 , .6 7 . 5 
4 umcl9-nDi292" + 5 2 , .4 7 . 0 
6 nDi235-Pll + 8 2 , .5 7 . 2 
6 urac3 8A-npi28 0'* + 1 2 , .4 7 .4 
9 umc81-umcl53 + 0 5, .3 15 . 5 
9 umcl09-umc70 +4 3 , 2 7 . 7 
23 . 8 56 . 0 
Combined 
1 umcll-umcl3 + 9 6 . 0 16 .4' 
4 umc31-bnl5 .46 +4 2 , .5 7 . 2 
4 umcl5-npi410" + 2 2 . ,4 5, .0 
6 npi235-Pll + 3 3 . ,3 9 , .3' 
9 umcll3-umc81 + 36 4 . , 1 12 , .3' 
18 . ,2 42 , . 2 
13 .3 100 . 1 6 . 3 1. 6 PD DE 
7 . 8 100 . 8 4 . 9 3.4 PD DE 
10 .4 102 .9 4 .7 -3.3 PD DE 
29 . 0 90 . 9 15 . 9 1.7 A 
11 . 1 73 . 0 5 . 0 -0.4 A DE 
14 .5 82 .3 -6 . 0 2 . 8 PD B73 
15 . 5 76 . 7 4 .2 -8 .1 OD DE 
37 .5 76 . 9 3 .2 L
fl 1 OD 
18 . 9 79 . 8 6 .2 0.5 A DE 
8 .4 81 . 9 3 .8 0.2 A DE 
8 .0 82 .0 0 .8 0.3 PD DE 
9 . 9 91 .5 -4 .2 -0.4 A B73 
7 . 9 91 . 0 -2 . 7 -2 . 0 PD B73 
15 . 1 84 .2 4 .6 -5.9 OD DE 
11 . 6 93 .3 -2 . 1 -12 .2 OD B73 
58 . 0 86 . 0 6 .4 -19.5 OD 
18 .6 84 .3 6 .2 0.0 A DE 
8 .2 86 .2 3 .3 0 .1 A DE 
7 .6 85 . 5 0 .8 5.0 OD DE 
10 . 8 94 .4 -4 . 9 -0 . 9 A B73 
14 . 7 88 . 1 3 . 8 -4 . 3 OD DE 
47 . 8 81 . 9 9 .2 0 . 0 A 
Table 4. (Continued) 
% Variation^ 
LOD* 
Chr. Interval Dist.' Value %Var. 
GDD to 50% Pollen Shed-
Ames 1989 
1 umcll-umcl3 H-IO 3.2 9.1* 10 . 1 
3 bnl3.18-npi212 1 5.4 15.4 — 15 . 7 
5 bnl7.71-bnll0.12 -^ll 3.5 9.6* 12 . 9 
13 .1 32 .3 36 . 7 
Ames 1990 
1 umcl3-bnll2.06 +2 3 . 9 11.1** 12 . 1 
3 bnl8.35-umc92 + 5 3 . 7 10.7** 11. 8 
5 bnl7.71-bnll0.12 + 9 2 . 5 5 . 7 10 . 1 
10 . 9 28.3 32 . 1 
Combined 
1 umcl3-bnll2.06 + 2 4.2 11.4*** 13 . 0 
3 bnl8.35-umc92 +4 3.9 10 .2** 12 . 6 
3 bnl3.18-npi212 0 5.0 14.3*** 14 . 3 
5 bnl7.71-bnll0.12 + 9 3.7 9.7* 13 . 7 
C
O rH 40 .1 48 . 0 
B73/B73* 
Mean 
Effect" 
Gene 
a d Action Parent 
830.2 
827.1 
836.4 
817 .1 
-GDD 
8.8 -6.3 PD B73 
13.1 0.1 A B73 
7.7 -21.0 OP B73 
29 . 0 •27.2 
881.3 
8 8 0 . 8  
8 8 8  .  6  
8 . 8 
11.6 
5 . 9 
-5.2 
-10 . 0 
-23 . 7 
PD 
D 
OD 
874 . 8 26.3 -38.9 OD 
B73 
B73 
B73 
855, .8 8 . 2 -5 , .4 PD B73 
856 , . 8 8 . 7 -12 , .4 OD B73 
855 .  8 8 . 8 -5 , . 9 PD B73 
862 . .5 7. 1 -23 , .6 OD B73 
844 , , 8 32 . 8 -47 , .3 OD 
Table 4. (Continued) 
LOD' 
Chr. Interval Dist.' Value 
GDD to 50% Silk Emergence-
Ames 1989 
3 umcl65-umc6 0 +5 6.2 
5 bnl7.71-bnll0.12 +10 4.2 
13 .4 
Ames 1990 
1 bnll2.06-bnl7.08" +1 2.4 
5 bnl7•71-bnllO.12 +9 4.1 
5.3 
Combined 
3 umcl65-umc60 +5 4.2 
5 bnl7.71-bnll0.12 +9 5.5 
12 . 6 
Variation^ Effect* 
B73/B73^ Gene 
%Var. Mean a d Action Parent 
--GDD--
16 . 1*** 19 . 1 845 .4 15.8 -15 . 9 D B73 
11. 3** 15 . 1 850 . 6 13 .5 -25. 3 OD B73 
30. 6 38 . 7 837 .3 29.3 -41. 2 OD 
7. , 3 7 .6 888 .3 7 . 3 -6 . ,5 D B73 
9. 2* 15 .4 890 .8 9 .1 -21. 0 OD B73 
13 . 9 17 .7 886 .6 16 . 6 -27. 5 OD B73 
10 . 0** 14 . 0 868 . 6 11.9 -15. 8 OD B73 
13 . 0"* 19 .4 870 . 7 12 . 6 -27. 2 OD B73 
26.2 38.5 862.2 24.5 -43.0 OD 
Table 4. (Continued) 
% Variation® Effect* 
LOD* B73/B73^ Gene 
Chr. Interval Dist.' Value %Var. Mean a d Action Parent 
Silk Delay-
Ames 1989 --GDD---
4 npi292-bnl7.65 +1 2 . 8 10 .8" 8 .3 13 . 9 4 . 8 -8 .4 OD B73 
5 umc68-php20042 +1 2 . 5 7 .4 7 .5 10 .2 5.6 3 .6 PD B73 
4 .7 15 . 1 13 . 9 8.2 10 .4 -4 . 8 PD 
Ames 1990 
3 bnl8.35-umc92 +6 3 .4 9 .4* 10 .8 10 .4 -4.6 -0 .6 A DE 
5 umc51-umc68 +3 2 . 7 8 .1 8 . 5 12 .3 3 . 8 4 .2 D B73 
5 .8 14 .6 17 . 6 5.2 -0 . 9 3 . 6 OD 
Combined 
4 npi292-bnl7.65 + 0 2 .9 12 .2"* 8 .7 7.8 3 . 8 -3 .2 D B73 
5 utnc51-umc68 + 16 2 . 9 8 .3 10 .8 5.7 4.8 1 . 1 PD B73 
5 .4 17 . 1 16 .9 3.2 8.6 -2 . 1 PD 
'•**•*'* Represent significant at the 0.10, 0.05, and 0.01 probability levels, respectively, for SF-AOV. 
'Genetic distance from the RFLP locus on the left to the maximum LOD peak within the interval. The 
RFLP locus on the left of the interval is located toward the terminal end of the short arm of the 
chromosome. The marker nearest to the peak is underlined. 
'Individual LOD from single-QTL models; total LOD values were derived from the simultaneous model. 
^Variation explained using SF-AOV (R^) and interval mapping (%Var.). Coefficient of determination (R^) 
is reported for the marker nearest to the peak of each significant region. 
'Mean value for homozygous B73 individuals at the QTL, while genotypes at other loci varied at random. 
Total represents individuals that are homozygous B73 at QTL included in the simultaneous model. 
"Additive (a) effects are estimates of the value of a DE811 allele. Negative "a" and dominance 
values (-d) values indicate a reduction in the value of a trait. 
"Interval does not significantly contribute to variation in multiple-QTL models (see Table 5). 
Table 5. Multiple-QTL models for each QTL subset for each trait and each 
environment. QTL were assigned to locations on chromosome arms. 
Trait/Environment/Model* LOD %Var. Interval Added to Model 
PHT Ames 1989 
IS 
IS, 4S 
IS, 4S, 3S 
IS, 4S, 3S, 4L 
PHT 
4L 
6S, 
4L, 
4L, 
Ankeny 1989 
IS 
6S, IS 
6S, IS, 4S 
3.1" 
7 . 0'* 
9.4* 
11.4 
3 
6 
9 
10 
4 
6 "  
0 *  
0 
24.8 
36.4 
41.5 
44 . 5 
11.2 
19.6 
26.1 
28.5 
8.7 
18 .1 
24.1 
2 8 . 2  
8.9 
16 .1 
21.7 
25 . 9 
IS = bnll2.06-bnl7.08 
4S = umc87-umc31 
3S = bnl8.35-umc92 
4L = umcl5-npi410 
4L = npi410-phpl0025 
6S = bnl6.29-npi235 
IS = umcll-umcl3 
4S = umc31-bnl5.46 
PHT 
4L 
4L, 
4L, 
Ames 1990 
IL 
IL, IS 
4 . 
6 , 
9, 
2" 
r 
4* 
13 .1 
19.9 
26.7 
11. 7 
18 .4 
24 . 8 
4L = umcl5-npi410 
IL = umc83-isu6 
IS = umcll-umcl3 
PHT 
4L 
4L, 
4L, 
EHT 
IS 
IS, 
IS, 
Combined 
IS 
IS, 4S 
Ames 1989 
4S 
4S, 9L 
9** 
8 * '  
5 
2 "  
6 * *  
7 
14 .4 
21.1 
24 .3 
13 .3 
21.1 
29.0 
10 . 0 
16 .4 
21.6 
12 . 3 
21.8 
26.3 
4L = npi410-phpl0025 
IS = umcll-umcl3 
4S = umc31-bnl5.46 
IS = umcll-umcl3 
4S = umc87-umc31 
9L = umcll3-umc81 
EHT 
6S 
6S, 
6S, 
Ankeny 1989 
IS 
IS, 9L 
4.9" 
10 . 0" 
12 . T 
14 .5 
26 . 9 
37.5 
13 
25 
29 
6S = npi235-Pll 
IS = umcl3-bnll2.06 
9L = umcll3-umc81 
EHT Ames 1990 
IS 5 . 9** 18 . 9 
IS, 9L 10 .4" 29 . 1 
IS, 9L, 9S 14 .7" 39 .4 
IS, 9L, 9S, 6S 18 .6" 48 . 8 
IS, 9L, 93, 6S, 4S 22 .0" 55 .5 
IS, 9L, 9S, 6S, 4S, 6L® 23 .7 58 . 0 
IS, 9L, 9S, 6S, 4S, 6L, 4La® 23 . 8 58 . 0 
EHT Combined 
IS 6 .0" 18 .6 
IS, 6S 10 .9" 32 . 0 
IS, 6S, 9L 14 .7" 41 .7 
IS, 6S, 9L, 4S 17 .4* 46 .7 
IS, 6S, 9L, 4S, 4Lb^ 18 .2 47 .8 
PGDD 1 Ames 1989 
3L 5 . 4" 15 .7 
3L, 5L 10 . 3** 30 .5 
3L, 5L, IS 13 . 1* 36 .7 
PGDD Ames 1990 
IS 3 . 9" 12 . 1 
3S, 5L 8 . 4" 27 . 8 
IS, 3S, 5L 10 . 9* 32 . 1 
PGDD Combined 
3L 5 . 0" 14 . 3 
3S, 5L 10 . 8" 34 .5 
3L, 3S, 5L 15 . 3** 42 .7 
3L, 3S, 5L, IS 18 . 7" 48 . 0 
SGDD Ames 1989 
3L 6 . 2** 19 . 1 
3L, 5L 13 . 4" 38 . 7 
15.4 IS = umcll-umcl3 
28.5 9L = umc81-umcl53 
35.5 9S = umcl09-umc70 
42.8 6S = npi235-Pll 
50.4 48 = umc31-bnl5.46 
56.0 6L = umc3 8A-npi280 
56.0 4La= umcl9-npi292 
16.4 IS = umcll-umcl3 
26.4 6S = npi235-Pll 
34.6 9L = umcll3-umc81 
40.7 4S = umc31-bnl5.46 
42.2 4Lb= umcl5-npi410 
15.4 3L = bnl3.18-npi212 ui 
25.7 5L = bnl7.71-bnll0.12 
32.3 IS = umcll-umcl3 
11.1 IS = umcl3-bnll2.06 
22.2 3S = bnlB.35-umc92 
28.3 5L = bnl7.71-bnll0.12 
14.3 3L = umcl3-bnll2.06 
23.6 3S = bnlB.35-umc92 
34.0 5L = bnl7.71-bnll0.12 
40.1 IS = umcl3-bnll2.06 
16.1 3L = umcl65-umc60 
30.6 5L = bnl7.71-bnll0.12 
Table 5. (continued) 
Trait/Environment/Model' LOD %Var. Interval Added to Model 
SGDD Ames 1990 
5L 4 1 ** 15 . 4 9 .2 5L = bnl7.71-bnll0.12 
5L, IS® 5 .3 17 . 7 13 . 9 IS = bnll2.06-bnl7.08 
SGDD Combined 
5L 5 , .5" 19 . 4 13 . 0 5L — bnl7.71-bnl0.12 
5L, 3L 12 , .6" 38 . 5 26 .2 3L = umcl65-umc60 
SDLY Ames 1989 
4L 2 . ,8' 8 . 3 10 , . 8 4L = npi292-bnl7.65 
4L, 5L 4 . , 7 13 . 9 15 , . 1 5L = umc68-DhD20042 
SDLY Ames 1990 
3S 3 . ,4" 10 . 8 9. 4 3S - bnl8.35-umc92 
38, 5L 5. ,8' 17 . 6 14 , .6 5L = umc51-umc68 
SDLY Combined 
4L 2 . 9" 8 . 7 12 . . 2  4L = npi292-bnl7.65 
4L, 5L 5 . 4' 16. 9 17 . .1 5L = umc51-umc68 
''''Represent significant LOD increases of at least 2.3 and 2.9, which represent 
effective significance levels of 0.05 and 0.01, respectively. 
'QTL were assigned chromosome arm locations based on published maps (Coe et al., 
1990). The defined interval is listed on the right side of the table as it is added 
to the multiple-QTL model. 
'From multiple marker models using information from loci nearest to the QTL. 
®QTL did not significantly contribute to variation in multiple-QTL models. 
C1 C2 C3 C4 C5 
3 . 1  
4 . 6  
1  9 . 8  
1  2 . 2  
:  3 . 2  
7 9 . 8  
1 2 . 8  
•  2 . 1  
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Figure 1. RFLP linkage map for B73/DE811 generated using 150 randomly selected F2.3 
lines and 97 RFLP markers. Interval lengths are presented on the right of 
of each chromosome. Genetic distance in Haldane cM is on the right of 
each interval. Centromeres were visually placed based on published RFLP 
maps. Markers that deviated from the expected 1:2:1 segregation ratio are 
designated by * and ** indicating significant deviations at the 0.05 and 
0.01 probability levels, respectively 
Figure 2. QTL likelihood plots of chromosomes 1, 3, 4, and 6 for plant height for 
each of three environments and the combined analysis. Each plot consists 
of two vertical lines; one line represents the chromosome at LOD zero; the 
other line represents T-LOD of 2.3. The double-arrow lines represent 
1-LOD support intervals; an arrow toward the chromosome is the most likely 
position of the QTL. Significant marker loci detected using SF-AOV are 
designated by *, **, and ***, representing significance at the 0.10, 0.05, 
and 0.01 probability levels, respectively 
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A. QTL likelihood plots for chromosome 1 for each environment and the combined 
analysis for plant height 
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Figure 2. (continued) B. QTL likelihood plots for chromosome 3 for each environment 
and the combined analysis for plant height 
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Figure 2. (continued) C. QTL likelihood plots for chromosome 4 for each environment 
and the combined analysis for plant height 
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Figure 2. (continued) D. QTL likelihood plots for chromosome 6 for each environment 
and the combined analysis for plant height 
Figure 3. QTL likelihood plots of chromosomes 1, 4, 6, and 9 for ear height for each 
of three environments and the combined analysis. Each plot consists of 
two vertical lines; one line represents the chromosome at LOD zero; the 
other line represents T-LOD of 2.3. The double-arrow lines represent 
1-LOD support intervals; an arrow toward the chromosome is the most likely 
position of the QTL. Significant marker loci detected using SF-AOV are 
designated by *, **, and ***, representing significance at the 0.10, 0.05, 
and 0.01 probability levels, respectively 
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A. QTL likelihood plots for chromosome 1 for each environment and the combined 
analysis for ear height 
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Figure 3. (continued) B. QTL likelihood plots for chromosome 4 for each environment 
and the combined analysis for ear height 
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Figure 3. (continued) C. QTL likelihood plots for chromosome 6 for each environment 
and the combined analysis for ear height 
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Figure 3. (continued) D. QTL likelihood plots for chromosome 9 for each environment 
and the combined analysis for ear height 
Figure 4. QTL likelihood plots of chromosomes 1, 3, and 5 for growing-degree-days to 
50% pollen-shed for each of two environments and the combined analysis. 
Each plot consists of two vertical lines; one line represents the 
chromosome at LOD zero; the other line represents T-LOD of 2.3. The 
double-arrow lines represent 1-LOD support intervals; an arrow toward the 
chromosome is the most likely position of the QTL. Significant marker 
loci detected using SF-AOV are designated by *, **, and ***, representing 
significance at the 0.10, 0.05, and 0.01 probability levels, respectively 
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A. QTL likelihood plots for chromosome 1 for each environment and the combined 
analysis for GDD to pollen-shed 
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Figure 4. (continued) B. QTL likelihood plots for chromosome 3 for each environment 
and the combined analysis for GDD to pollen shed 
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Figure 4. (continued) C. QTL likelihood plots for chromosome 5 for each environment 
and the combined analysis for GDD to pollen-shed 
Figure 5. QTL likelihood plots of chromosomes 1, 3, and 5 for growing-degree-days to 
50% silk emergence for each of two environments and the combined analysis. 
Each plot consists of two vertical lines; one line represents the 
chromosome at LOD zero; the other line represents T-LOD of 2.3. The 
double-arrow lines represent 1-LOD support intervals; an arrow toward the 
chromosome is the most likely position of the QTL. Significant marker 
loci detected using SF-AOV are designated by *, **, and ***, representing 
significance at the 0.10, 0.05, and 0.01 probability levels, respectively 
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A. QTL likelihood plots for chromosome 1 for each environment and the combined 
analysis for GDD to silk emergence 
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Figure 5. (continued) B. QTL likelihood plots for chromosome 3 for each environment 
and the combined analysis for GDD to silk emergence 
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Figure 5. (continued) C. QTL likelihood plots for chromosome 5 for each environment 
and the combined analysis for GDD to silk emergence 
Figure 6. QTL likelihood plots of chromosomes 3, 4, and 5 for silk-delay for each of 
two environments and the combined analysis. Each plot consists of two 
vertical lines; one line represents the chromosome at LOD zero; the other 
line represents T-LOD of 2.3. The double-arrow lines represent 1-LOD 
support intervals; an arrow toward the chromosome is the most likely 
position of the QTL. Significant marker loci detected using SF-AOV are 
designated by *, **, and ***, representing significance at the 0.10, 0.05, 
and 0.01 probability levels, respectively 
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A. QTL likelihood plots for chromosome 3 for each environment and the combined 
analysis for GDD to silk-delay 
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Figure 6. (continued) B. QTL likelihood plots for chromosome 4 for each environment 
and the combined analysis for GDD to silk-delay 
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Figure 6. (continued) C. QTL likelihood plots for chromosome 5 for each environment 
and the combined analysis for GDD to silk-delay 
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GENERAL CONCLUSIONS 
The objectives of this study were to estimate genetic 
location and effects of QTL affecting resistance to 2ECB 
(PAPER I) and five morphological traits (Paper II) of maize; 
and to compare estimates of location and effects across 
environments. For traits analyzed in this study, QTL were 
detected on eight of ten chromosomes. Chromosomes 2 and 8 
were not detected to affect phenotypic variation for any of 
the traits under investigation. Number of QTL detected for 
traits ranged from three for silk-delay to eight for 2ECB 
tunnel length. 
Genotype by environment (GxE) interaction for individual 
QTL was evaluated by comparing genetic location and effects of 
significant QTL among environments. For resistance to 2ECB 
tunneling, five significant QTL were identified in two of 
three environments. Fifty-five percent of the QTL affecting 
five plant stature and flowering traits were detected in 
multiple environments. These results represent better 
consistency of QTL detection among environments than reported 
by Paterson et al. (1991) and Bubeck et al. (1993). In 
general, additive genetic effects showed more stability across 
environments than dominance effects. Level and direction of 
dominance were observed to vary for several QTL. 
Comparisons of QTL characterized in this study with QTL 
reported in previous studies provided an opportunity to 
investigate genetic heterogeneity among QTL in diverse maize 
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populations. Genetic map locations of QTL detected for 
resistance to 2ECB and plant stature traits were compared to 
positions of QTL detected in previous studies. Two QTL 
affecting resistance to 2ECB mapped to similar genomic 
positions on chromosomes 1 and 3 reported for a B73/B52 
population by Schon et al. (1993). Several QTL affecting 
plant stature mapped to regions where qualitative mutant loci 
are known to reside (Beavis et al., 1991) 
Interval mapping detected QTL more readily than SF-AOV 
for the effective significance level of a=0.05. Loci within 
14 of 28 significant regions (50%) detected using interval 
mapping were detected using SF-AOV. These results disagree 
with those presented by Stuber et al., (1992) and Doebley and 
Stec, (1991), who reported identical results between the two 
methods in terms of QTL identified for heterosis for grain 
yield and morphological traits, respectively. Generally, 
there was good agreement between methods for the amount of 
phenotypic variation explained by QTL. Best agreement between 
methods occured when a QTL position, estimated by interval 
mapping, was close to a marker locus. Eighty percent of the 
significant peaks detected using interval mapping were located 
within 5 cM of the nearest marker. In comparison, phenotypic 
variation explained by QTL located within 5 cM of marker loci 
deviated by an average of only 1.7% between methods. The 
average deviation for QTL located 6 to 10 cM from nearest 
marker loci was 4.5%. When two or more significant loci were 
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clustered together in a region, the locus with the smallest F-
value using SF-AOV was generally located closest to the 
significant peak identified by interval mapping. 
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Figure A2. Distribution of plant height means for 150 B73/DE811 F2.3 lines, with 
placement of check means, for each of three environments and means 
combined over three environments 
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Figure A3. Distribution of ear height means for 150 B73/DE811 F2.3 lines, with 
placement of check means, for each of three environments and means 
combined over three environments 
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Figure A4. Distribution of growing-degree-days to 50% pollen-shed (PGDD) means for 
150 B73/DE811 Fj.j lines, with placement of check means, for each of two 
environments and means combined over Ames 1989 and 1990 
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Figure A5. Distribution of growing-degree-days to 50% silk emergence (SGDD) means 
for 150 B73/DE811 lines, with placement of check means, for each of 
two environments and means combined over Ames 1989 and 1990 
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Figure A6. Distribution of silk-delay means for 150 B73/DE811 F2.3 lines, with 
Placement of check means, for each of two environments and means combined 
over Ames 1989 and 1990 
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Figure A7. Frequency distributions of the 150 F2.3 line for percent homozygosity of 
each parental class, B73/B73 and DESll/DESll, and percent heterozygosity, 
B73/DE811 
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Table A1. Probe/enzyme combinations used in RFLP assays^ 
HindiII EcoRI EcoRV HindiII EcoRI EcoRV 
— Chromosome 1 
bnl5.62 bnl7.08 
umc94 isu6 
umcl57 
umcll 
umcl3 
bnll2.06 
umc33 
umc23A 
umc83 
umc86A 
Chromosome 
umc78 umc6 
umc34 umcl31 
umcl35 
phpl0012 
umc5 
Chromosome 
bnl8.35 umcl21 
umcl65 umcl02 
bnl6.16 umc26 
bnl3.18 umc60 
npi212 bnll5.20 
Chromosome 
umc87 bnl7.65 
umc31 npi410 
bnl5.46 
umc42 
bnll5.45 
umc23B 
umcl9 
npi292 
umclS 
bnll5.07 
Chromosome 
umc86B umcl47 
bnl7.71 umc51 
bnllO.12 
umc68 
php20042 
phpl0017 
umcl64 
umc4 
bnl8.15 
umc92 
phpl0025 
umclll 
umc90 
bnl5.02 
umcl66 
npi235 
bnl5.47 
umc38A 
npi280 
_Chromosome 6^ 
bnl6.2 9 umc62 
Pll 
bnll5.40 
uracllO 
umcl25 
umc35 
bnl8.26 
umcl2 
urac48 
umcl53 
umcll4 
umc38B 
umc95 
isu3 
bnll4.28 
npi209 
_Chromosome 7_; 
umcll6 
umc56 
bnl8.39 
bnl8.37 
umcl68 
Chromosome 8 
npi400 
bnl7.61 
Chromosome 
umc70 
phplOOOS 
umc81 
npi220 
umc89 
umcl09 
umcll3 
bnl5.09 
Chromosome 10 — 
npilOSB 
npilOBA 
umc44 
umc57 
® Probes umc23, umc38, umc86, and npilOS each mapped to two 
independent loci (eg. umc23A and umc23B); Pll is a cloned 
gene for purple plant. 
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Table A2. Chi-square® (x^) analysis of marker-classes A, B, 
and H segregation ratio. Observed (OBS) numbers 
for each genotypic class were tested against an 
expected (EXP) ratio of 1A:2H;1B for goodness-of-
f i t .  
Number of 
Observations 
per Genotypic 
Class Frequency 
Locus Type A H B - A B X 2 P > x' 
bnl5.62 OBS 
EXP 
34 
35 
68 
71 
39 
35 
9 0 .48 0 . 52 0 . 61 0 . 7362 
umc94 OBS 
EXP 
35 
35 
71 
70 
33 
35 
11 0 .51 0 .49 0 . 13 0 . 9377 
umcl64 OBS 
EXP 
39 
38 
66 
75 
45 
38 
0 0 .48 0 . 52 2 . 40 0 . 3018 
umcl57 OBS 
EXP 
36 
37 
75 
75 
38 
37 
1 0 .49 0 .51 0 . 05 0 . 9733 
umcll OBS 
EXP 
29 
36 
83 
73 
33 
36 
5 0 .49 0 . 51 2 . 98 0 . 2253 
umcl3 OBS 
EXP 
37 
37 
82 
75 
30 
37 
1 0 .52 0 .48 1. 98 0. 3720 
bnll2.06 OBS 
EXP 
38 
38 
87 
75 
25 
38 
0 0 . 54 0 .46 6. 37 0 . 0414 
bnl7.08 OBS 
EXP 
32 
36 
79 
73 
34 
36 
5 0 .49 0 .51 1. 05 0. 5919 
umc3 3 OBS 
EXP 
35 
34 
64 
68 
36 
34 
15 0 .50 0 . 50 0. 38 0. 8260 
umc23A OBS 
EXP 
41 
36 
67 
72 
35 
36 
7 0 .52 0 .48 1. 07 0 . 5858 
umc83 OBS 
EXP 
29 
36 
79 
72 
36 
36 
6 0 .48 0 .52 2 . 04 0 . 3603 
isu6 OBS 
EXP 
42 
38 
62 
75 
46 
38 
0 0 .49 0 .51 4 . 36 0 . ,1131 
umc86A OBS 
EXP 
36 
38 
68 
75 
46 
38 
0 0 .47 0 .53 2 . ,44 0. 2948 
umc78 OBS 
EXP 
39 
38 
77 
75 
34 
38 
0 0 . 52 0 .48 0 , 50 0 . 7785 
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umc6 OBS 
EXP 
46 65 
37 74 
36 
37 
3 0.53 0.47 3.31 0.1910 
umc34 
umcl35 
phpl0012 
umcl31 
umc5 
umc4 
bnlS.15 
umcl21 
bnl8.35 
umc92 
umcl02 
umc26 
umcl65 
umc60 
bnll5.20 
bnl6.16 
bnl3.18 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
37 73 
37 74 
37 
37 
3 0.50 0.50 0.01 0.9933 
33 81 36 0 0.49 0.51 1.24 0.5371 
38 75 38 
31 82 34 3 0.49 0.51 2.08 0.3533 
37 74 37 
34 81 
38 75 
35 70 
36 73 
29 84 
37 75 
48 63 
37 74 
45 69 
37 75 
38 73 
37 73 
35 
38 
40 
36 
36 
37 
36 
37 
35 
37 
35 
37 
46 65 
37 75 
46 63 
38 75 
45 67 
38 75 
44 68 
38 75 
44 72 
38 75 
38 
37 
41 
38 
38 
38 
38 
38 
34 
38 
0 0.50 0.50 1.14 0.5661 
5 0.48 0.52 0.60 0.7425 
1 0.48 0.52 2.84 0.2421 
3 0.54 0.46 4.93 0.0849 
1 0.53 0.47 2.32 0.3138 
4 0.51 0.49 0.14 0.9347 
40 69 35 6 0.52 0.48 0.60 0.7418 
36 72 36 
44 69 37 0 0.52 0.48 1.45 0.4834 
38 75 38 
51 60 32 7 0.57 0.43 8.69 0.0129* 
36 72 36 
1 0.53 0.47 3.55 0.1695 
0 0.52 0.48 3.84 0.1465 
0 0.52 0.48 2.14 0.3425 
0 0.52 0.48 1.60 0.4492 
0 0.53 0.47 1.49 0.4751 
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npi212 
umc87 
umc31 
bnl5.46 
umc42 
bnll5.45 
umc23B 
umcl9 
npi292 
bnl765 
umcl5 
npi410 
phpl0 025 
bnll5.07 
urticlll 
umc86B 
umcl47 
umc90 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
OBS 
EXP 
43 
37 
32 
36 
32 
38 
34 
36 
39 
38 
40 
37 
43 
33 
39 
38 
38 
36 
39 
37 
35 
37 
30 
35 
37 
36 
39 
38 
38 
38 
23 
34 
39 
34 
36 
37 
71 35 
75 37 
76 37 
73 36 
78 40 
75 38 
68 42 
72 36 
73 38 
75 38 
72 37 
75 37 
52 35 
65 33 
68 43 
75 38 
64 41 
72 36 
69 39 
74 37 
66 47 
74 37 
62 49 
71 35 
61 45 
72 36 
68 43 
75 38 
72 40 
75 38 
78 33 
67 34 
50 46 
68 34 
75 38 
75 37 
1 0.53 0.47 1.29 0.5235 
5 0.48 0.52 0.60 0.7425 
0 0.47 0.53 1.17 0.5564 
6 0.47 0.53 1.33 0.5134 
0 0.50 0.50 0.08 0.9610 
1 0.51 0.49 0.36 0.8339 
20 0.53 0.47 5.75 0.0564 
0 0.49 0.51 1.34 0.5123 
7 0.49 0.51 1.69 0.4286 
3 0.50 0.50 0.55 0.7580 
2 0.46 0.54 3.68 0.1592 
9 0.43 0.57 7.46 0.0241* 
7 0.47 0.53 3.96 0.1382 
0 0.49 0.51 1.34 0.5123 
0 0.49 0.51 0.23 0.8935 
16 0.46 0.54 5.39 0.0674 
15 0.47 0.53 9.74 0.0077** 
1 0.49 0.51 0.05 0.9733 
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bnl5.02 
umcl66 
bnl7.71 
bnllO.12 
umc51 
umc68 
php2 0042 
phpl0017 
bnl6.2 9 
npi23 5 
Pll 
bnl5.47 
umc3 8A 
npi280 
umc62 
npi400 
bnll5.40 
umcll6 
OBS 29 83 38 
EXP 38 75 38 
OBS 29 83 38 
EXP 38 75 38 
OBS 31 84 35 
EXP 38 75 38 
OBS 34 81 35 
EXP 38 75 38 
OBS 38 76 34 
EXP 37 74 37 
OBS 36 79 34 
EXP 37 75 37 
OBS 41 64 40 
EXP 36 73 36 
OBS 38 69 42 
EXP 37 75 37 
OBS 29 78 37 
EXP 36 72 36 
OBS 33 81 33 
EXP 37 74 37 
OBS 32 76 35 
EXP 36 72 36 
OBS 38 65 39 
EXP 36 71 36 
OBS 33 70 36 
EXP 35 70 35 
OBS 35 73 37 
EXP 36 73 36 
OBS 37 70 43 
EXP 38 75 38 
OBS 50 55 38 
EXP 36 72 36 
OBS 39 70 39 
EXP 37 74 37 
OBS 35 79 35 
EXP 37 75 37 
0 0.47 0.53 
0 0.47 0.53 
0 0.49 0.51 
0 0.50 0.50 
2 0.51 0.49 
1 0.51 0.49 
5 0,50 0.50 
1 0.49 0.51 
6 0.47 0.53 
3 0.50 0.50 
7 0.49 0.51 
8 0.50 0.50 
11 0.49 0.51 
5 0.49 0.51 
0 0.48 0.52 
7 0.54 0.46 
2 0.50 0.50 
1 0.50 0.50 
2.98 0.2248 
2.98 0.2248 
2.61 0.2717 
1.14 0.5661 
0.32 0.8503 
0.48 0.7852 
2.25 0.3249 
1.18 0.5536 
1.89 0.3889 
1.53 0.4660 
0.69 0.7066 
0.87 0.6479 
0.14 0.9311 
0.06 0.9726 
1.02 0.6012 
9 .57 
0.43 
0.0084 
0.8056 
0.43 0.8067 
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umcllO OBS 
EXP 
33 
37 
80 
75 
36 
37 
1 0. 49 0. 51 0 . 79 0 . 6727 
umc56 OBS 
EXP 
35 
37 
75 
74 
38 
37 
2 0 . 49 0. 51 0. 15 0. 9284 
bnl8.39 OBS 
EXP 
28 
36 
78 
73 
39 
36 
5 0 . 46 0 . 54 2 . 37 0 . 3057 
bnl7.61 OBS 
EXP 
31 
38 
83 
75 
36 
38 
0 0. 48 0. 52 2 . 25 0 . 3250 
bnl8.37 OBS 
EXP 
33 
37 
81 
75 
35 
37 
1 0 . 49 0 . 51 1. 02 0 . 6003 
umcl25 OBS 
EXP 
9 
37 
104 
75 
36 
37 
1 0 .41 0 .59 32 .43 0 .0000 
umc3 5 OBS 
EXP 
36 
38 
86 
75 
28 
38 
0 0. 53 0 . 47 4 . 35 0. 1136 
umcl68 OBS 
EXP 
35 
36 
76 
73 
34 
36 
5 0 . 50 0 . 50 0 . 26 0 . 8771 
npi220 OBS 
EXP 
29 
34 
68 
68 
38 
34 
15 0. 47 0. 53 1. 21 0 . 5472 
bnl8.26 OBS 
EXP 
44 
38 
73 
75 
33 
38 
0 0 . 54 0. 46 1. 66 0 . 4364 
umc8 9 OBS 
EXP 
44 
38 
75 
75 
31 
38 
0 0 . 54 0 . 46 2 . 24 0 . 3268 
umcl2 OBS 
EXP 
36 
37 
80 
74 
31 
37 
3 0 . ,52 0. 48 1. 49 0. 4756 
umc48 OBS 
EXP 
38 
38 
78 
75 
34 
38 
0 0 . ,51 0 . 49 0 . 54 0. 7630 
umcl09 OBS 
EXP 
36 
38 
83 
75 
31 
38 
0 0 . 52 0. 48 2 . 25 0 . 3250 
umc70 OBS 
EXP 
37 
37 
78 
75 
34 
37 
1 0 , .51 0 . ,49 0. ,36 0 , ,8339 
phplOOOS 
umcll3 
OBS 
EXP 
OBS 
EXP 
40 
37 
41 
37 
75 
74 
75 
74 
32 
37 
31 
37 
3 
3 
0 , 
0 
.53 
.53 
0 . 
0. 
,47 
47 
0 . 
1. 
, 93 
42 
0 . 
0 . 
, 6274 
4919 
umc81 OBS 
EXP 
45 
37 
72 
75 
32 
37 
1 0 .54 0. 46 2, .53 0, .2829 
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umcl53 OBS 
EXP 
42 
38 
76 
75 
32 
38 
0 0 .53 0 .47 1 .38 0 . 5011 
umcll4 OBS 
EXP 
41 
38 
77 
75 
32 
38 
0 0 .53 0 .47 1 .24 0 . 5386 
umc3 8B OBS 
EXP 
26 
32 
69 
64 
32 
32 
23 0 .48 0 .52 1 .52 0 .4687 
umc95 OBS 
EXP 
43 
38 
75 
75 
32 
38 
0 0 .54 0 .46 1 .61 0 .4481 
isu3 OBS 
EXP 
34 
37 
78 
74 
36 
37 
2 0 .49 0 .51 0 .49 0 . 7841 
bnl5.09 OBS 
EXP 
34 
37 
78 
75 
37 
37 
1 0 .49 0 . 51 0 .36 0 . 8339 
bnll4.28 OBS 
EXP 
32 
35 
73 
71 
36 
35 
9 0 .49 0 .51 0 .34 0 . 8428 
npi209 OBS 
EXP 
32 
37 
84 
74 
32 
37 
2 0 .50 0 .50 2 . 70 0 .2589 
npilOSB OBS 
EXP 
35 
37 
77 
75 
37 
37 
1 0 .49 0 .51 0 . 16 0 . 9225 
npilOSA OBS 
EXP 
46 
37 
66 
75 
37 
37 
1 0 .53 0 .47 3 .27 0 . 1950 
umc44 OBS 
EXP 
46 
37 
72 
75 
31 
37 
1 0 .55 0 .45 3 .28 0 .1938 
umc57 OBS 
EXP 
49 
38 
71 
75 
30 
38 
0 0 .56 0 .44 5 . 08 0 . 0788 
^ = E (OBS-EXP) VEXP; df = 2 . 
*, ** Indicate OBS marker-class segregation different from 
1A:2H:1B at the 0.05 and 0.01 levels, respectively. 
Table A3. Adjusted trait means with standard errors^ and LSDs'' for 150 B73/DE811 
F2:3 lines and checks in individual environments and combined analyses. 
Means 
Check Entries 
Trait Environment F2:3 B73 DE811 F1 + SE LSD 05 
2ECB Ames'89 50 . ,6 80 . ,0 35. ,1 38. ,2 ± 0 . 6 19 . 2 
Tunnel Ank.'89 42. 9 64 . 8 26. ,2 41. 0 + 0. 6 19 . 3 
Length Ames'90 16. 6 28 . 7 19. , 1 8 . 6 + 0 . 4 12 . .7 
(cm) Combined'^ 46.7 72 .4 30.7 39.6 + 0.4 13 .5 
Plant Ames'89 259. 3 245. 8 259. , 8 276 . 0 + 0. 5 18 . 2 
Height Ank.'89 210 . 7 199 . 0 220 . 0 231. 8 + 0 . 9 29. 0 
(PHT; cm) Ames'90 228. 2 223 . 9 237. 3 265 . 5 + 0 . 7 24 . 1 
Combined 232 . 7 222 . 9 239. 1 257. 8 + 0 . 4 14 . 3 
Ear Ames'89 106 . 9 109 . 5 110 . 4 114 . 5 + 0 . 4 13 . 8 
Height Ank.'89 78 . 2 76 . 7 81. 7 87 . 0 + 0 . 6 18 . 9 
(EHT; cm) Ames'89 87 . 0 89 . 7 87. 2 102 . 1 + 0 . 4 14 . 9 
Combined 90 . 7 92 . 0 93 . 1 101. 2 + 0. 3 9 . 1 
GDD'^  to 50% Ames'89 838 . 2 838 . 3 895 . 6 829. 0 + 0 . 9 32 . 2 
Pollen (PGDD) Ames'90 889 . 5 891. 7 918 . 9 862 . 0 + 1. 2 42 . 1 
Combined 863 . 9 865 . 0 907 . 2 845 . 5 + 0 . 8 26 . 4 
GDD'^  to 50% Ames'89 855. 9 849. 0 899. 4 831. 8 + 1. 0 33 . 6 
Silk (SGDD) Ames'90 894 . 9 888 . 5 929. 5 865. 8 ± 1. 3 45. 8 
Combined 875 . 4 868. 8 914 . 5 848. 8 + 0 . 8 28. 3 
Silk-Delay Ames'8 9 17. 7 11. 3 3 . 6 3 . 3 ± 0. 9 30. 9 
(SDLY Ames'90 5 . 3 -2 . 9 9 . 4 3 . 2 + 0 . 8 27 . 5 
=SGDD-PGDD) Combined 11. 5 4 . 2 6. 5 3 . 2 ± 0 . 6 20. 6 
^ standard errors of means (SE) were calculated as (Steel and Torrie, 1980) : 
SE = s/Vn; 
where 
s = standard deviation, and; 
n = number of observations. 
Least significant differences (LSD 05) were determined using the formula: 
LSD.05 = t.o5 (2*EMS/r*e)^; 
where 
t.05 the value of effective mean square' 
H 
EMS = Effective mean square; 
r = number of replications, and; 
e = number of environments. 
^ 2ECB combined entry means represent Ames and Ankeny 1989. 
Cumulative growing-degree-days were calculated using degrees centigrade with the 
formula (Brown, 1969): 
[(Maximum Daily Temperature - Minimum Daily Temperature)/2] - 10°C; 
where 
Temperature s 30°C = 30°C, and; 
Temperature s 10°C = 10°C. 
Table A4. Adjusted trait means, range, Shapiro-Wilke (W) statistic^, and estimates 
of coefficients of skewness*^ and kurtosis for frequency distributions 
for 150 B73/DE811 F2:3 lines in individual environments and in combined 
analyses. 
Range 
Trait Environment Mean Min. Max. W Skewness Kurtosis 
2ECB Ames'89 50 .6 20 .3 86 . 7 0 . 984 0 .18 0 . 13 
Tunnel Ank.'89 42 .9 20 .3 75.5 0 . 987 0.09 0 .15 
Length Ames'90 16 .6 3 .5 36.4 0 . 969* 0.50## 1 . 00 
(cm) Combined 46 . 7 22 , .9 75.2 0 . 985 0.09 0 . 08 
Plant Ames'8 9 259 .3 189 , .7 296.1 0 . 972 -0.56## 0 .52 
Height Ank.'89 210 . 7 142 , . 0 251.5 0 . 977 -0.53## 0 .74 
(PHT; cm) Ames'90 228 .2 175 , . 5 269.0 0 . 984 -0 .16 -0 . 18 
Combined 232 .7 169 , . 1 269.2 0 . 982 -0.42# 0 .55 
Ear Ames'89 106 . 9 68 . 8 139.2 0 . 988 -0.17 -0, .06 
Height Ank.'89 78 .2 45 . 6 99 . 9 0 . 975 -0.43# 0 , .23 
(EHT; cm) Ames'89 87 . 0 57. ,8 116.3 0 . 980 0 .10 -0 , . 11 
Combined 90 . 7 58 . , 0 113 .4 0 .982 -0.21 0, .33 
GDD to 50% Ames'89 838 . 2 791, , 9 894.8 0 . 971 0 . 01 -0 , .57 
Pollen (PGDD; Ames'90 889 . 5 832 . ,6 945 . 8 0 . 982 0 .00 -0 , . 05 
Combined 863 . 9 817. 5 916 . 5 0 . 982 0 . 01 -0 , .23 
GDD to 50% Ames'89 855 .9 799 . 9 934.1 0 . 979 0.27 -0 . ,24 
Silk (SGDD; Ames'90 894 .9 829. 3 973 . 6 0 . 990 0.08 0. ,29 
Combined 875 .4 827 . 5 938 .4 0 . 978 0.21 -0. ,32 
Silk-Delay Ames'89 17 . 7 -15 . 0 112 .4 0 . 886** 1.86## 6 . ,98## 
(SDLY Ames'90 5 .3 -24 . 5 43 .3 0 . 977 0.41## 1. ,20 
=SGDD-PGDD) Combined 11, .6 -15 . 9 68 .4 0 .950** 1.12## 3 . 48## 
^ The Shapiro-Wilke W statistic was calculated as (Shapiro and Wilke, 1965) : 
W = - yi)]^/s^• 
where 
a = tabular W test coefficient; 
n = number of observations; 
y^ = ordered observations; such that Yi^Y2^Y3-• • and; 
= variance among observations. 
^ Coefficients of skewness (g^) and kurtosis (gj) were calculated as 
follows (Snedecor and Cochran, 198 9): 
gi = m.^/ , and; 
g2 = (mA/ml) - 3; 
where 
mj = E(xi-x)^; 
mj = E(xi-x)^; 
m4 = S(xi-x)^; 
where 
x^ = individual entry means, and; 
X = overall mean. 
*,** significant at the at the 0.05 and 0.01 probability levels, respectively 
#,## significant at the at the 0.10 and 0.02 probability levels, respectively 
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Table A5. Statiscal model used to analyze traits for 
individual environments 
Yijk = /i + Ri + Bij + G,^ + eijk,-
where 
fi = overall mean; 
Ri = effect of the i"^*" replication, (i=l,2); 
Bij = effect of the block (j =1, 2, . . . . 13) of the i"^^ 
replication; 
= effect of the genotype, (k=l, 2, 3 , . . . . 156) , and; 
eijk = random experimental error of the genotype of 
the block of the i"^^ replication. 
Table A6. Form of analysis of variance and expected mean 
squares for individual environments with 
components of variance derivations. 
Individual Environments 
Source of 
variation 
Degrees of 
freedom^ 
Mean 
squares 
Expected 
mean square"^ 
Replications (R) (r-1) <7i + kal + k (k+1) i 
Blocks (B) rk MS4 <^1 + [(r-1)/r]kff| 
Entries-
Unadjusted (N) (n-1) + (k/k+1) al + : 
Adjusted (Na) (n-1) + raL 
F2.3 lines (G) (g-1) MSB + ral 
F2.3 lines vs checks 1 + vs C 
Checks (C) (c-1) <^l + r6l 
B73 (1) + 
^^B73 
DE811 (1) ol + T" '^DEaii 
Fi (1) + X C^Fl 
B73 vs DE811 (1) + 
^B73 vs DE811 
B73, DE811 vs Fi (1) + ^^B73,DE811 vs Fl 
Error-
Intra-block (r-1)(k^ -1) -k MSI 
RCBD= (r-1)(n-•1) MS2 
Effective"^ (r-1)(k^ -1) -k MSB 
Total r (k^+k)-1 
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Components of variance-
Error variance {a\) = MS3 ; 
Phenotypic variance (ap^) = MS5/r, and; 
Genotypic variance {a\) = (MS5-MSl)/r. 
^ r, k, n, g, and c represent the numbers of replications, 
entries within blocks, entries, F2:3 lines, and checks, 
respectively. 
^ where and 6^ indicate random and fixed sources of 
variation, respectively. 
Randomized complete block design with degrees of freedom 
and expected mean square. RGB was used if there was no 
increase in precision using the lattice design. 
The effective mean square is used to make direct F-tests, and 
calculated using two weighting factors (Cochran and Cox, 1959); 
1) X = rCE^'-E®)/r(k+l)E''+(rk-2k-r)E^• 
where 
E'' = MS4 = Block mean square; 
E® = MSI = Intra-block mean square, and; 
2) fx = XV1+2X. 
Weighting factors are used to determine the effective mean 
square in the equation: 
Effective Mean Square = 2E®/r [1+(2k^X-(k^+k-1)/x) / (k^+k-1) . 
Weighting factors are also used to make entry mean adjustments 
as described by Cochran and Cox (1959) . 
Table A7. Analysis of variance for 2ECB tunneling, plant and ear heights, 
growing-degree-days to 50% pollen shed and silk emergence, and silk- delay 
for Ames 1989 using a 12 x 13 rectangular lattice design. 
Source df 2ECB PHT EHT 
Mean Square 
PGDD SGDD SDLY 
Replications (R) 1 8399 .2** 72 . 5 453 .4* 1374 . 7 228 . 1 489. , 8 
Blocks (B) 24 297 .5** 117 . 6 93 . 6** 429 . 9* 436 . 0 260 . .0 
Entries-
Unadjusted (N) 155 346 . 7** 708 .5** 295 .8** 1135 . 7** 1363 .0** 543 . ,0** 
Adjusted (Na) 155 325 . 1** 705 .6** 291 .2** 1070 . 5** 1326 .3** 539. 2** 
F2.3 lines (G) 149 301 .8** 720 . 7** 300 .3** 1015 .9** 1306 .9** 548 . 4** 
F2.2 vs checks 1 3 . 0 18 .3 242 .7* 2995, .4** 199 .7 1557. 3* 
Checks (C) 5 1085 . 1** 391 . 9** 27 .5 2311. .8** 2130 . 0** 64 . 1 
B73 (1) 108 . ,4 114 .9 58 .2 294 . ,8 102 .4 62 . 4 
DEBll (1) 61. , 6 3 . 1 20 . 8 0 . 0 57 . 6 52 . 6 
Fi (1) 221. ,4 0 .0 1 .4 859 . , 7 604 . 7 43 . 2 
B73 VS DEBll (1) 4032 . , 0** 397 .3* 1 .6 6578 . 0** 5095 .5** 117 . 8 
B73, vs Fi (1) 1002 . 1** 1444 .3** 55 .8 3826 . 4** 4790 . 1* * 44. 8 
DE811 
Error-^ 
Intra-block 131 85 .1 81. 2 45 .8 251. 7 274 . ,5 243 . 
RCBD 155 118. 0 86. 8 53 .2 279. 3 299. 8 246. 
Effective 131 94 . 6 85. 1 49 .4 267 . 9 290 . 6 245. 
Total 311 
Lattice Efficiency'' ( % )  124.7 102 . 0 107 . 7 104. 3 103 . 2 100.1 
Adjusted Mean 50.6 259 . 3 106 . 9 838 . 2 855 . 9 17 . 7 
LSDO.os= 19 .2 18 . 2 13 .8 32. 2 33 . 6 30 . 9 
Coeff. of variation"^ (cv%) 19.2 3 . 6 6 .6 2 . 0 2. 0 88 . 6 
® SGDD and SDLY error mean squares adjusted for two missing plot values; Intra-
block and effective df = 129; RCBD df = 153. 
Lattice efficiency = (RCBD Mean Square / Effective Mean Square) x 100. 
" Least Significant Difference at the 0.05 probability level = to.os (2*Ef f .MS/2) 
Coefficient of variation = [ (Eff .MS)^/Adjusted Mean] x ICQ. 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table A8. Analysis of variance for 2ECB tunneling, plant and ear heights for 
Ankeny 1989 using 12 x 13 rectangular lattice design. 
Mean Square^ 
Source df 2ECB df PHT df EHT 
Replications (R) 1 2164.1** 1 480 .5 1 7 . 5 
Blocks (B) 24 231.6** 24 413.3* 24 103 .5 
Entries-
Unadjusted (N) 155 212.2** 155 727.6** 155 211.8** 
Adjusted (Na) 155 200.5** 155 727.6** 155 212.5** 
F2.3 lines (G) 149 187.0** 149 738.3** 149 217.2** 
F2.3 vs checks 1 14 .4 1 448.5 1 150.3 
Checks (C) 5 639.9** 5 464 .7 5 85.2 
B73 (1) 17 .1 (1) 1. 0 (1) 4 . 6 
DE811 (1) 98.8 (1) 100.0 (1) 22.7 
(1) 51. 0 (1) 20.3 (1) 187 .1 
B73 vs DE811 (1) 2978.4** (1) 882.0* (1) 51.1 
B73, vs Fi (1) 54 .1 (1) 1320.2* (1) 160.5 
DE811 
Error-
Intra-block 110 85 . 9 136 214 .6 111 88 . 8 
RCBD 134 112 .0 136 214 . 6 135 91 .4 
Effective 110 94 .3 136 214 .6 111 90 .7 
Total 290 292 291 
Lattice Efficiency'' ( % )  118 .8 100 . 0 100 . 8 
Adjusted Mean 42 . 9 210 . 7 78 .2 
LSDO.ob" 19 .3 29 . 0 18 . 9 
Coeff. of variation'^ (cv%) 22 .6 7 . 0 12 .2 
^ with degrees of freedom adjusted for missing plot values. 
^ Lattice efficiency = (RCBD Mean Square / Effective Mean Square) x 100. 
Least Significant Difference at the 0.05 probability level = tg <,5 (2*Ef f .MS/2) 
Coefficient of variation = [ (Eff .MS) V-Adjusted Mean] x 100. 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table A9 . Analysis of variance for 2ECB tunneling, plant and ear heights, 
growing-degree-days to 50% pollen shed and silk emergence, and silk-
delay for Ames 1990 using a 12 x 13 rectangular lattice design. 
Mean Square 
Source df 2ECB PHT EHT PGDD SGDD SDLY 
Replications (R) 
Blocks (B) 
Entries-
Unadjusted (N) 
Adjusted (Na) 
F2.3 lines (G) 
F2.3 vs checks 
Checks (C) 
B73 
DE811 
Fi 
B73 vs DE811 
B73, VS 
DE811 
1 4924.6** 25020.6** 11061.1** 243171.0** 239704.9** 12 .4 
24 
155 
155 
149 
1 
5 
(1) 
(1) 
(1) 
111.3** 
70.6** 
67.3** 
6 2 . 9 * *  
55.7 
200.6** 
(1) 154.3 
38.3 
1.6 
185.3* 
(1) 623.6 * * 
663.8** 
710 . 0** 
623.5** 
605.9** 
2275.6** 
816.7** 
30 . 7 
414 . 9 
20.4 
362 . 6 
3255.0** 
184.2** 
261.8** 
246 . 9** 
249.5** 
417.6** 
134.5* 
30 . 0 
120.6 
14.1 
13.3 
494.3** 
2106 .0** 
1124 .4** 
1017.1** 
981.9** 
2 0  .  0  
2265.8** 
371.3 
2026.8* 
2457.2* 
1478.0 
4995.7** 
2964.9** 279.1 
1406.9** 230.4 
1248.2** 229.9 
1206.1** 235.7 
0.5 52.7 
2751.0** 90.2 
436.0 18.9 
3415.2* 77.8 
1574.5 53.4 
3353.8* 300.9 
4975.5** 0.0 
Error-
Intra-block 131 37 .7 132 .6 51. 1 405 . 7 477 . 9 185. 3 
RCBD 155 49 .1 214 .8 71. 7 669. 0 863 .0 199. 9 
Effective 131 41 .6 149 . 1 56 . 8 456 . 7 540 .3 195. 0 
Total 311 
Lattice Efficiency^ ( % )  118 . 0 144 . 1 126. 2 146 . 5 159 .7 102 . 5 
Adjusted Mean 16 .6 228 .2 87. 0 889. 5 894 . 9 5. 3 
LSDO.os'^ 12 .7 24 . 1 14 . 9 42. 1 45 .8 27. 5 
Coeff. of variation'' (cv%) 0
0 ro 9 6 .5 8 . 6 2. 4 2 .6 263 . 5 
^ Lattice efficiency = (RCBD Mean Square / Effective Mean Square) x 100. 
Least Significant Difference at the 0.05 probability level = t^ 05 (2*Ef f .MS/2) 
° Coefficient of variation = [ (Ef f .MS) VAdjusted Mean] x 100. 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table AlO. Estimates of variance components and 
heritabilities with standard errors in 
individual environments for 150 B73/ DE811 F2:3 
lines for 2ECB tunnel length, plant and ear 
height, growing-degree-days to 50% pollen-shed 
and silk emergence, and silk-delay. 
Phenotypic Error 
Trait Environment Variance + SE^ Variance ± SE 
2ECB Tunnel Ames'89 150 . 9 + 17 . 4 94 . 6 + 11 .6 
Length (cm) Ank.'89 93 . 5 ± 10 . 8 94 .3 + 12 . 6 
Ames'90 31 .5 + 3 . 6 41 .6 + 5 . 1 
Plant Height Ames'89 360 .4 + 41. 5 85 .1 + 10 .4 
(cm) Ank.'89 369 .2 ± 42 . 5 214 .6 + 25 . 8 
Ames'90 303 .0 ± 34 . 9 149 .1 ± 18 .3 
Ear Height Ames'89 150 .2 + 17 . 3 49 .4 + 6 . 1 
(cm) Ank.'89 108 . 6 + 12 . 5 90 . 7 + 12 . 1 
Ames'89 124 .8 + 14 . 6 56 .8 ± 7 . 0 
GDD to 50% Ames'89 507 .9 + 58 . 5 267 . 9 + 32 . 9 
Pollen (PGDD) Ames'90 491 .0 + 56. 5 456 .7 + 56 .0 
GDD to 50% Ames'89 653 .5 + 75 . 2 290 .6 + 35 . 6 
Silk (SGDD) Ames'90 603 .1 + 69. 4 540 . 3 + 66 .3 
Silk-Delay Ames'89 274 .2 + 31. 6 245 . 9 + 30 .4 
(SDLY) Ames'90 117 .9 + 13 . 6 195 . 0 ± 23 . 9 
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Table AlO. (Continued) 
Confidence Limits^ Confidence Limits^ 
Genetic Lower Upper Lower Upper 
Variance + SE Limit Limit h^ C Limit Limit 
103 .6 + 18. 3 76.7 138.2 68. 7 58.5 76 .3 
46 .4 ± 12 . 5 27.3 68 . 9 49 . 6 32.2 62 .2 
10.7 + 4 . 4 3.6 18.5 33 . 9 12 .4 49 . 9 
317.8 + 41. 8 257.6 398.7 88 . 2 84 .4 91.1 
261.9 + 44 . 4 196 . 8 346 .1 70 . 9 61.6 77 . 9 
228.4 ± 36. 0 175. 9 297.2 75 . 4 67.4 81.4 
125.5 ± 17. 5 100.1 159.3 83 . 6 78.2 87.5 
63 .2 ± 13. 9 42 .4 88.8 58 . 2 43 .8 68 .7 
96 .3 + 14. 8 74 . 8 124 .6 77 . 2 69 .4 82 .8 
374 . 0 + 60. 7 285.3 489.5 73 . 6 65.1 80 . 0 
262 .6 + 63 . 1 167 .1 378.4 53 . 5 38.4 64 .8 
508.2 ± 77. 3 395.8 656.1 77. 8 70 .5 83 .2 
332 . 9 + 76 . 9 216 . 9 474 . 6 55 . 2 40.7 66 .1 
151.3 + 35. 0 98.4 215.7 55. 2 41.5 66.1 
20 .4 ± 18 . 1 -10 . 0 51.3 17. 3 -9.6 37 .4 
Standard errors for variance component estimates were 
calculated using the formula (Searle, 1971): 
SE(a') = [(2/c')z:(Mi)V(dfi+2)]M; 
where 
c = coefficients associated with components; 
MSi = mean square(s) associated with each component, and; 
dfi = degrees of freedom associated with mean square(s). 
Based on approximate and exact 90% (l-a;=0.9) confidence 
intervals for genetic variance (Knapp et al., 1987) and 
heritability (Knapp et al., 1985), respectively: 
4 LCI=(EMS/r*e)[(F-Fl)/F1+(F2/F)(1-F2/F1)]; 
UCI=(EMS/r*e)[(F-F3)/F3+(F4/F)(1-F4/F3)]; 
h^ LCI = 1-[F(F4)] "S and; 
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UCL=1- [F (F2) ] "S-
where 
EMS = Effective error mean square; 
r = replications; 
e = environments (e=l for individual environments); 
F = (F2:3/error) mean squares ratio; 
~ ^ (0(/2} :df/3,oo / 
F2 = F,Q/2) .(if/3,dfe'• 
^(i-a(/2):dfe,00/ and, 
F4 = F,i_„/2),df/3.d£e; such that 
F(p) :df/3,dfe = the value from an F-distribution with df/3 (df 
corresponding to F2:3-lines mean square) numerator and dfe 
(df corresponding to effective error mean square) 
denominator degrees of freedom. 
° Heritabilities calculated on a progeny means basis: 
h^ = a y  { a l / r  + ff^) . 
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Table All. Statistical model used to analyze traits in 
combined analyses 
Yijki = M + Ej, + (R/E) ij + (B/R/E)ij^ + + (GE) + e^jki; 
where 
IX = overall mean; 
Ei = effect of the i*^^ environment (i=l,2 or i=l,2,3); 
(R/E)ij = effect of the j"'' replication (j=l,2) within the 
i'^'' environment ; 
(B/R/E)ijk= effect of the k"'' block (k=l, 2, . . . . 13) within the 
replication within the i"*^ environment; 
Gi = effect of the 1'^'' genotype (G=l, 2, 3 . . . . 156; 
GEii = effect of the interaction of i"^ environment with 
the 1'^'' genotype, and; 
Sijki = random experimental error of the l"*" genotype of 
the k"^"^ block, of the replication, of the i"^*^ 
environment. 
Table A12. Form of analysis of variance and expected mean squares for combined 
environments with components of variance derivations. 
Source of Degrees of Mean Expected 
variation freedom^ squares mean square*" 
Environments (E) (e-1) 
Replications (R) (r-1) 
Blocks (B) rk 
Genotypes-
Entries (Na) (n-1) 
F2.3 lines (G) (g-D 
F2.3 lines vs checks 1 
Checks (C) (c-l) 
B73 (1) 
DE811 (1) 
Fi (1) 
B73 vs DE811 (1) 
B73, DE811 vs Fi (1) 
a\ + eka| + ek(k+l)aR + o 
aj + ek(j| + ek(k+l)ff| 
+ e [ (r-1) /r] ka^ 
MS 3 
+ ercr^ 
at + ercr, 
Na 
2 
al + era| 
ffg + erdc 
al + er(9|,3 
al + er02 
a\ + 
o\ + er6B73 DE811 
UQ T ^S72 VS F1 
Genotype x Environment-
Entries (Na) (e-1)(n-1) 
F2..3 lines (G) (e-1) (g-1) MS2 
F2.3 lines vs checks 1 
Checks (C) (e-1)(c-1) 
B73 (e-l)l 
DE811 (e-l)l 
(e-l)l 
B73 vs DE811 (e-1)1 
B73, DE811 vs Fi (e-1)1 
Pooled Error-"^ 
Intra-block e(r-1) (k^-1)-k 
Effective e(r-l) (k^-1)-k MSI 
Total er(k^+k)-l 
GE(F2:3) 
^<^GE vs C 
rd 2 
^®B73 
rd 2 
r0|i 
^^B73 vs DE811 
^®B73,DE811 vs 
Components of variance-
Error variance (al) = MSI ; 
Phenotypic variance (ffph) = MS3/er; 
Genotype x Environment variance (ffge) = (MS1-MS2)/r, and; 
Genotypic variance (a^ = (MS3-MS2)/er. 
^ r, k, n, g, and c represent the numbers of replications, entries within 
blocks, entries, F2:3 lines, and checks, respectively. 
^ where and indicate random and fixed sources of variation, respectively. 
Intra-block and effective error degrees of freedom and sums of squares were 
pooled over environments. 
Table A13 Combined^ analyses of variance for 150 B73/DE811 F2:3 lines with six 
check entries for 2ECB tunneling, growing-degree-days to 50% pollen-
shed and silk emergence, and silk-delay. 
Mean Square 
Source df 2ECB PGDD SGDD SDLY 
Environments 1 9310.8 401990. 8 235072. 2 22287 .2* 
Replications 2 5281.7** 122272, .9** 119966, .5** 255 .6 
Blocks 48 264.6** 1268 . .0** 1700 . 5** 269 . 7 
Genotypes-
Entries 155 417.2** 1659. ,4** 2037 . ,5** 527, .2** 
Fj.j-Lines 149 381.7** 1579. 9** 1968 . 4** 538 , . 8** 
Fj-a-Lines vs Checks 1 15.2 1752 . 6 90. 5 1091. 5 
Checks 5 1556.7** 4009. 6** 4485 . 3 ** 68 . , 8 
B73 (1) 19 . 7 2 . 2 57. 9 75 . , 0 
DE811 (1) 2.2 1004 . 9 2180 . 0* 129. , 1 
Fi (1) 30 . 0 3111. 8** 2065 . 3* 96 . 3 
B73 vs DEBll (1) 6970.6** 7146 . 2** 8358 . 5** 21. 1 
B73, DEBll vs Fj. (1) 761.0** 8783 . ]_* * 9764 . 7** 22 . 3 
Genotype x Environment-
Entries 155 108 .4 428 . 1 536 . 9* 242 . 0 
F2,3-Lines 149 107.1 417.9 544.6* 245.3 
F2.3-Lines vs checks 1 2.1 1262.9 109.6 518.6 
Checks 5 168.3 568.0 395.8 85.6 
B73 (1) 105.9 663.9 480.5 6.3 
DE811 (1) 158.2 1022.0 1292.9 1.2 
F i  ( 1 )  2 4 2 . 4  2 0 5 . 0  1 1 3 . 9  0 . 3  
B73 vs DE811 (1) 39.8 909.9 90.7 397.6 
B73, DE811 vs (1) 295.2 38.9 0.9 22.5 
Pooled Error- (df)^ (df) (df) (df) 
Intra-block 241 85.5 262 328.7 260 377.0 260 214.2 
Effective 241 94.5 262 362.3 260 416.4 260 220.3 
Total 602 623 621 621 
Coefficient of Variation (cv%) 20.8 2.2 2.3 132.1 
^ 2ECB was combined over Ames and Ankeny 1989; PGDD, SGDD, and SDLY were combined over 
Ames 1989 and 1990. 
Effective error was adjusted for missing plot values: 2ECB = 21 missing plot values 
at Ankeny 1989; each of SGDD and SDLY = two missing plot values at Ames 1989. 
*,** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table A14. Combined^ analyses of variance for 150 B73/DE811 F2:3 
lines with six check entries for plant and ear heights. 
Mean Square 
Source df PHT EHT 
Environments 2 
Replications 3 
Blocks 72 
Genotypes-
Entries 155 
Fj.j-Lines 149 
Fj.s-Lines vs Checks 1 
Checks 5 
B73 (1) 
DE811 (1) 
Fi (1) 
B73 vs DEBll (1) 
B73, DE811 vs Fi (1) 
Genotype x Environment-
Entries 310 
186944.4* 
8524.5** 
398.2** 
1713.4** 
1720.2** 
1784.0 
1495.8** 
99.3 
24 .7 
28.3 
1572.0** 
5754.5** 
171. 7 
67377.1* 
3998.3** 
127.1** 
588 .4** 
601.7** 
776.8* 
152.6* 
0 . 0 
41.7 
115 .4 
7.5 
598.3** 
81. 1* 
Fj.j-Lines 298 172 .4 82 . 6* 
Pj.a-Lines vs checks 2 479 .2** 16 . 9 
Checks 10 88 .8 47 .3 
B73 (2) 23 . 7 46 .4 
DE811 (2) 246 . 7 61 .2 
(2) 6 .2 43 .6 
B73 vs DE811 (2) 35 . 0 29 .2 
B73, DE811 vs Fi (2) 132 .5 56 . 1 
Pooled Error- (df)^ (df) 
Intra-block 374 152 . 9 373 60 .5 
Effective 374 160 . 1 373 64 .2 
Total 914 915 
Coefficient of Variation (cv%) 5 .4 8 . 8 
^ PHT and EHT were combined three environments. 
Effective error was adjusted for missing plot values: 
PHT = 19 missing plot values at Ankeny 1989; EHT = 20 missing 
plot values at Ankeny 1989. 
*,** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table A15. Estimates of variance components and heritabilities with standard errors 
for combined analyses of 150 B73/DE811 F2:3 lines for 2ECB tunnel length, 
plant and ear height, growing-degree-days to 50% pollen-shed and silk 
emergence, and silk-delay. 
Combined over Phenotypic Error 
Trait Environments: Variance + SE Variance ± SE 
2ECB Tunnel 
Length (cm) 
Ames'89; Ank.'89 95 .4 + 11. 0 94 .5 ± 8 . ,6 
Plant Height 
(cm) 
Ames'89; 
Ames'90 
Ank.'89; 286.7 ± 33 . , 0 160.1 + 11. 7 
Ear Height 
(cm) 
Ames'89; 
Ames'90 
Ank.'89; 100 . 3 + 11. 5 64 .2 + 4 . 7 
GDD to 50% 
Pollen (PGDD) 
Ames'89; Ames'90 395 . 0 + 45. , 5 362 .3 ± 31. 5 
GDD to 50% 
Silk (SGDD) 
Ames'89; Ames'90 492 .1 + 56 . , 6 416 .4 ± 36 . 4 
Silk-Delay 
(SDLY) 
Ames'89; Ames'90 134 . 7 + 15 . , 5 220 .3 + 19 . 2 
Table A15. (Continued) 
Confidence Limits" Confidence Limits" 
Genotype x Environment Genetic Lower Upper Lower Upper 
Trait Variance ± SE Variance ± SE Limit Limit Limit Limit 
2ECB Tunnel 6.3 ± 3.8 68.6 ±11.4 51.9 90.3 71.9 63.2 78.6 
Length (cm) 
Plant Height 6.2 ± 3.0 258.0 ± 33.1 210.4 322.1 90.0 87.3 92.0 
(cm) 
Ear Height 9.2 ± 1.4 86.5 + 11.6 69.8 109.0 86.3 82.6 89.1 
(cm) 
GDD to 50% 27.8 ± 14.4 290.5 ± 47.0 221.9 380.2 73.6 65.3 79.8 
Pollen (PGDD) 
GDD to 50% 64.1 ± 18.1 356.0 ± 58.8 270.0 467.8 72.3 63.7 78.9 
Silk (SGDD) 
Silk-Delay 12.5 + 8.5 73.4 ± 17.0 47.7 104.9 54.5 40.3 65.2 
(SDLY) 
" Based on approximate and exact 90% (l-a;=0.9) confidence intervals for genetic 
variance (Knapp et al., 1987) and heritability (Knapp et al., 1985). See Table A14, 
footnote-a with adjustments as follows: Number of environments; F = (F2:3/F2:3 x 
Environment) mean squares ratio, and dfe = df corresponding to F2:3 x Environment 
mean square. 
Heritabilities determined on progeny mean basis: h^ = ag/(a|/er+age/r+ap . 
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Table A16. Phenotypic correlations (rp^)® between traits in 
hillplot experiments for individual environments'^ 
and combined analyses'^. 
Environment 
Correlation Ames'89 
2ECB X PHT 0 .162* 
2ECB X EHT 0 .217** 
2ECB X PGDD -0 . 124 
2ECB X SGDD -0 .218** 
2ECB X SDLY -0 . 168* 
PHT X EHT 0 . 778** 
PHT X PGDD 0 . 176* 
PHT X SGDD 0 .118 
PHT X SDLY -0 .060 
EHT X PGDD 0 .309** 
EHT X SGDD 0 .098 
EHT X SDLY -0 .277** 
PGDD X SGDD 0 .778** 
PGDD X SDLY -0 .177* 
SGDD X SDLY 0 .481** 
Ank.'89 Ames'90 Combined 
0 .127 
0 .253** 
0.716** 
0.064 
0 .148 
•0.281** 
•0 .319** 
•0.166* 
0.762** 
•0.095 
•0.076 
0.021 
0 .107 
0.067 
-0.070 
0.911** 
0 . 045 
0 .454** 
0.155** 
0.239** 
•0.191** 
•0 . 257** 
•0.166** 
0.775** 
0.171* 
0.172* 
0 . 0 2 6  
0 . 322** 
0.190** 
-0.196** 
0.855** 
-0.089 
0.435** 
® Phenotypic (Pearson product-moment) correlations between 
traits were determined as follows: 
^ph ~ ^ph(A*B)/ ^  ^ ph (A) * ^ph (B) ^ ' 
where 
^phiA-B) = phenotypic covariance between traits A and B; 
^ph(A) = phenotypic variance of trait A, and; 
&ph(B) = phenotypic variance of trait B. 
Analyses performed using unadjusted plot values. 
Analyses performed using adjusted entry means. 
*, ** Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table A17. Genotypic correlations (fg)® between traits in 
hillplot experiments for individual environments'' 
and combined'' analyses. 
Environment 
Correlation Ames'89 Ank.'89 Ames'90 Combined 
2ECB X PHT 0 .249** 0. 190* -0 . 109 0 .209** 
2ECB X EHT 0 . 279** 0 . 394** -0 .003 0 .276** 
2ECB X PGDD -0 . 157 -0 . 122 -0 . 324** 
2ECB X SGDD -0 .291** -0 .235** -0 .373** 
2ECB X SDLY -0 .286** -0 .501** -0 .186** 
PHT X EHT 0 . 814** 0 . 777** 0 .743** 0 .801** 
PHT X PGDD 0 .218** 0 .304** 0 .241** 
PHT X SGDD 0 .159 0 .384** 0 .252** 
PHT X SDLY -0 . 056 0 .435** 0 .060 
EHT X PGDD 0 . 371** 0 .499** 0 .403** 
EHT X SGDD 0 .124 0 .496** 0 .250** 
EHT X SDLY -0 .366** 0 . 168* -0 .268** 
PGDD X SGDD 0 . 842** 0 .971** 0 .897** 
PGDD X SDLY -0 .048 0 .245** -0 .030 
SGDD X SDLY 0 .499** 0 .469* 0 .413** 
® Genotypic correlations were calculated between traits using 
the formula (Mode and Robinson, 1959): 
2-g = &g(A'B)/(&g(A)*5g,B))'^; 
where 
^g(A*B) = genotypic covariance between traits A and B; 
5g(A) = genotypic variance of trait A, and; 
^g(B) = genotypic variance of trait B. 
^ Analyses performed using unadjusted plot values. 
Analyses performed using adjusted entry means. 
*, ** Significant at the 0.05 and 0.01 probability levels, 
respectively. 
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Table A18. Correlations between trait and marker class 
frequency in each environment and in combined 
analyses 
Trait 
Marker Class 
B73/ 
Environment B73 
B73/ DE811/ 
DE811 DE811 
2ECB 
Tunnel 
Length 
(cm) 
Ames'89 
Ank.'89 
Ames'90 
Combined 
0.252** 
0.313** 
0.263** 
0 .313** 
•0.099 
-0.115 
• 0  . 2 2 8 * *  
•0.119 
•0.179** 
-0.231** 
•0.056 
•0 .227** 
Plant 
Height 
(PHT; cm) 
Ames'89 
Ank.'89 
Ames'90 
Combined 
•0.141* 
•0.217** 
-0.165* 
-0.191** 
0.207** 
0 .215** 
0.120 
0 .200** 
-0 . 051 
0. 024 
0.065 
0.013 
Ear 
Height 
(EHT; cm) 
Ames'89 
Ank.'89 
Ames'89 
Combined 
•0.088 
•0.088 
•0 . 081 
•0 . 096 
0 .  
0 .  
• 0 ,  
091 
069 
025 
0.052 
0 . Oil 
0 . 034 
0 .123 
0 . 061 
ODD to 50% 
Pollen (PGDD; 
Ames'89 
Ames'90 
Combined 
•0.169* 
•0 .128 
-0.167* 
• 0 ,  
0 .  
0 , 
009 
059 
028 
0.196** 
0.087 
0.160** 
GDD to 50% 
Silk (SGDD; 
Ames'89 
Ames'90 
Combined 
-0.174** 
•0.113 
-0 .162* 
•0 .021 
0.030 
0.004 
0.216** 
0.101 
0.180** 
Silk-Delay 
(SDLY 
=SGDD-PGDD) 
Ames'89 
Ames'90 
Combined 
-0. 041 
-0 . 014 
-0.036 
• 0  .  0 2 2  
•0.050 
•0 . 040 
0 . 071 
0.071 
0 . 084 
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Table A19. F-value and derived from SF-AOV for each of 97 
probes for 2ECB tunnel length for each of the 
environments and the combined analysis 
Ames  1989  Ankenv  :  1989  Ames  1990  Combined  
R-- sa r  F--va l .  R-- sa r  F--va l .  R-• sa r  P--va l .  R  - sa r  F--va l .  
Chomosome : 1-
bn l562  0  .019  0  .2690  0 ,  , 010  0  .5122  0 .  , 003  0 .  . 8272  0  .  017  0 ,  . 2972  
umc94  0  . 011  0  .4642  0 .  , 004  0  .7509  0 .  , 010  0 .  . 5170  0  .009  0 ,  . 5361  
umcl64  0  . 038  0  .0574  0 .  . 009  0  .5097  0 .  , 010  0 .  . 4774  0  .029  0 ,  . 1157  
umcl57  0  .008  0  .5588  0 .  . 001  0  .9628  0 .  , 014  0 .  . 3686  0  .004  0 ,  . 7322  
umcl l  0  . 064  0  .0093  0 .  . 008  0  .5621  0 .  , 021  0 .  . 2192  0  . 041  0 ,  . 0497  
umcl3  0  .053  0  .0193  0 .  . 010  0  .4788  0 .  . 043  0 .  . 0416  0  .037  0 ,  . 0615  
bn l l206  0  .024  0  .1617  0 ,  . 002  0  .8705  0 ,  . 053  0 .  . 0188  0  .014  0 ,  . 3556  
bn l708  0  .008  0  .5704  0 ,  . 033  0  .  0896  0 ,  . 057  0 .  . 0155  0  .016  0  .3210  
umc33  0  . 003  0  .8179  0 .  , 010  0  .5115  0 .  . 001  0 .  . 9389  0  .007  0 ,  . 6212  
umc23A 0  .012  0  .4206  0 .  . 036  0  .0796  0 .  . 011  0 .  . 4678  0  .026  0  , . 1528  
umc83  0  .025  0  .1679  0 .  , 009  0  .5356  0 .  . 010  0 .  . 4863  0  . 021  0  , . 2200  
i su6  0  .002  0  .8859  0 .  , 005  0  .7145  0 .  . 032  0 .  . 0910  0  .000  0 ,  . 9953  
chromosome 2 
umc86A 0  .048  0  .0267  0 .  , 012  0  .4230  0 .  . 001  0 .  . 9415  0  .  035  0 .  . 0728  
umc78  0  .002  0  .8338  0 ,  , 005  0  .6987  0 ,  . 016  0 .  . 3146  0  .003  0 .  . 7907  
umc6  0  .024  0  .1732  0 ,  , 007  0  .6019  0 ,  . 046  0 .  . 0346  0  .019  0 ,  . 2579  
umc34  0  . 020  0  .2332  0 .  , 002  0  .8783  0 .  . 031  0 .  .1032  0  .010  0 .  . 4694  
umcl35  0  .002  0  .8397  0 .  , 008  0  .5434  0 .  . 017  0 .  . 2922  0  .000  0 .  . 9655  
php l0012  0  .005  0  .7005  0 .  , 003  0  .8113  0 .  . 038  0 .  . 0603  0  . 001  0 .  . 9457  
umcl31  0  . 003  0  .7797  0 .  , 005  0  .6958  0 .  . 032  0 .  . 0936  0  .  000  0 .  . 9976  
umc5  0  . 015  0  .3521  0 .  , 045  0  .0386  0 .  . 035  0 .  . 0803  0  .  028  0 .  . 1359  
umc4  0  .016  0  .3110  0 .  , 051  0  .0217  0 .  . 013  0 .  . 3733  0  .  035  0 .  . 0751  
Chromosome 3  
bn l815  0  .025  0  .1606  0 ,  , 007  0  .5832  0 .  . 005  0 .  . 6968  0  .  019  0 .  . 2458  
umcl21  0  .004  0  .7328  0 .  , 001  0  .  9405  0 ,  , 002  0 .  . 8736  0  .003  0 .  . 8171  
bn l835  0  .072  0  .0049  0 ,  , 041  0  .  0488  0 ,  , 013  0 .  . 3806  0  .073  0 .  . 0046  
umc92  0  . 060  0  .0125  0 ,  , 025  0  .1707  0 .  , 004  0 .  . 7740  0  .054  0 ,  . 0202  
umcl02  0  . 125  0  .0001***  0 ,  , 055  0  .0152  0 .  , 020  0 .  . 2194  0  .114  0 .  . 0001***  
umc26  0  .105  0  .0004**  0 ,  , 039  0  .0612  0 .  , 013  0 .  . 3977  0  .092  0 ,  . 0012  
umcl65  0  .085  0  .0015  0 .  , 030  0  .1062  0 .  , 001  0 .  . 9508  0  .  073  0 ,  . 0041  
u tnc60  0  .089  0  .0010*  0 .  , 022  0  .1961  0 .  , 001  0 .  . 9631  0  .  068  0  , . 0056  
bn l l520  0  .053  0  .0182  0 .  , 019  0  .2480  0 .  , 002  0 .  , 8674  0  .  045  0 .  . 0347  
bn l616  0  .052  0  .0198  0 .  ,017  0  .2857  0 .  , 002  0 .  ,8548  0  .  043  0 .  .0402  
bn l318  0  .047  0  .0290  0 .  , 018  0  .2558  0 .  ,002  0 .  , 8327  0  .  041  0 .  .0448  
np i212  0  .028  0  .1246  0 .  , 013  0  .3812  0 .  , 008  0 .  , 5605  0  .026  0 .  . 1466  
Chromosome 4' 
umc87  0  .010  0  .5058  0 .  , 013  0  .4087  0 .  , 021  0 .  ,2204  0  .012  0 .  . 4143  
umc31  0  .  014  0  .3511  0 ,  , 020  0  .2295  0 .  , 016  0 .  , 2997  0  .018  0 .  . 2605  
bn l546  0  . 041  0  .0538  0 .  , 036  0  .0781  0 .  , 018  0 .  , 2685  0  .  049  0 ,  . 0296  
umc42  0  .036  0  .0682  0 .  .028  0  .1220  0 .  009  0 ,  , 5125  0  .  041  0 .  . 0469  
bn l l545  0  .042  0  .0422  0 ,  , 036  0  .0674  0 .  , 009  0 .  . 5213  0  .  050  0 ,  . 0243  
umc23B 0  .008  0  .6140  0 .  , 006  0  .7004  0 .  , 005  0 .  . 7389  0  .  005  0 ,  . 7246  
umcl9  0  .017  0  .2849  0 ,  , 015  0  .3241  0 .  , 002  0 .  . 8376  0  .020  0 ,  . 2328  
np i292  0  .006  0  .6361  0 .  , 003  0  .7905  0 .  , 007  0 .  . 6197  0  .006  0 ,  . 6427  
bn l765  0  .005  0  .6733  0 .  , 001  0  .  9492  0 .  , 018  0 ,  . 2671  0  .002  0  .8390  
umclS  0  .008  0  .5525  0 .  . 001  0  .  9148  0 ,  , 001  0 ,  . 8986  0  .  005  0  .7027  
np i410  0  .015  0  .3625  0 ,  . 005  0  .7125  0 ,  . 002  0 ,  . 8789  0  .  010  0  .5053  
php l0025  0  .016  0  .3250  0 .  , 021  0  .2211  0 .  . 010  0 .  . 5057  0  . 021  0 ,  . 2309  
bn l l507  0  .004  0  .7361  0 .  , 001  0  .  9437  0 .  . 017  0 .  . 2794  0  .002  0 ,  . 8354  
umcl l l  0  . 026  0  .1483  0 .  , 001  0  .  9600  0 .  . O i l  0 ,  . 4320  0  .013  0  .3932  
Chromosome 5  
umc86B 0  .006  0  .6764  0 .  . 106  0  .0007*  0 ,  . 003  0 ,  . 8318  0  .  036  0  .0884  
umcl47  0  . 021  0  .2523  0 ,  .  018  0  .3058  0 ,  . 016  0 ,  . 3365  0  .  005  0  .7343  
203 
umc90  0 .  008  0 .  . 5542  0 .  . 038  0 .  . 0602  0 .  . 002  0 ,  . 8767  0 .  ,  022  0 .  . 1923  
bn l502  0 .  017  0 .  . 2908  0  .  033  0 .  . 0829  0 ,  . 036  0 ,  .  0692  0 .  . 023  0 .  .  1797  
umcl66  0 .  017  0 .  . 2908  0 .  . 033  0 .  . 0829  0 ,  . 036  0 ,  . 0692  0 ,  . 023  0 .  .  1797  
bn l771  0 .  003  0  , . 7888  0 .  . 020  0 .  . 2332  0 ,  . 010  0 .  . 4607  0 .  . 010  0 .  . 4698  
bn l l012  0 .  060  0 ,  . 0107  0 .  . 094  0 .  . 0007*  0 .  . 012  0 .  . 4262  0 ,  . 093  0 .  .  0008*  
umcSl  0 .  073  0 ,  . 0041  0 .  . 130  0 .  .  0001***  0 .  . 012  0 ,  . 4167  0 .  . 116  0 ,  . 0001***  
umc68  0 .  073  0 ,  .  0040  0 .  . 185  0 .  . 0001***  0 .  . 049  0  .0259  0 ,  . 145  0 ,  . 0001***  
php20042  0 .  072  0 ,  .  0049  0 .  . 107  0 .  . 0003**  0 .  . 045  0 ,  . 0380  0 ,  . 103  0 .  . 0004**  
php lOOlV 0 .  029  0 .  . 1151  0  .  073  0 .  . 0040  0 ,  . 029  0 ,  . 1203  0 .  . 056  0 .  . 0150  
Chromosome 6-
bn l629  0 .  036  0 .  . 0759  0  .  041  0 .  . 0532  0 ,  . 024  0 ,  . 1839  0 .  . 047  0 .  . 0326  
np i235  0 .  027  0 .  . 1374  0 .  . 051  0 .  . 0233  0 .  . 014  0 ,  . 3745  0 ,  . 044  0 .  . 0406  
PLl  0 .  013  0  , . 4014  0 .  . 016  0 .  . 3246  0 .  .024  0 ,  . 1809  0 .  . 018  0 .  . 2782  
bn l547  0 .  021  0 ,  . 2270  0 .  . 004  0 .  . 7656  0 .  . 019  0 ,  . 2667  0 ,  . 012  0 .  . 4429  
umc38A 0 .  013  0 .  . 4225  0 .  . 006  0 .  . 6428  0 .  . 038  0 ,  . 0725  0 ,  . 010  0 .  .  5003  
np i280  0 .  005  0 .  . 7144  0 .  . 003  0 .  . 7893  0 .  , 014  0 .  . 3619  0 .  . 000  0 .  . 9859  
umc62  0 .  012  0 .  . 4146  0 .  ,013  0 ,  . 3879  0 .  ,028  0 ,  . 1223  0 .  . 012  0 .  . 3991  
Chromosome 7-
np i400  0 .  001  0 ,  .  9578  0  .  018  0 ,  . 2873  0 .  ,  017  0 ,  . 2963  0 .  . 005  0 ,  . 7184  
bn l l540  0 .  014  0 ,  . 3605  0 .  . 015  0 .  . 3293  0 .  ,002  0 ,  . 8532  0 .  . 016  0 .  . 3076  
umcl l6  0 .  013  0 ,  . 3929  0 ,  , 017  0 ,  , 2833  0 .  ,004  0 ,  . 7369  0 .  . 018  0 .  . 2668  
umcl lO  0 .  037  0 ,  .  0652  0 .  . 031  0 .  , 0990  0 .  , 020  0 ,  . 2290  0 .  . 040  0 .  . 0492  
umc56  0 .  007  0 ,  . 6015  0 ,  , 006  0 .  , 6634  0 ,  , 004  0 ,  . 7379  0 .  . 008  0 .  . 5671  
bn l839  0 .  004  0 ,  .  7627  0 ,  , 010  0 .  , 5016  0 .  , 005  0 .  .  7114  0 .  , 008  0 .  , 5847  
bn l761  0 .  010  0 ,  . 4854  0  ,  012  0 ,  , 4040  0 .  , 010  0 ,  . 4874  0 .  , 013  0 .  , 3879  
bn l837  0 .  023  0 ,  . 1883  0  ,  018  0 .  , 2661  0 .  ,016  0 ,  . 3184  0 .  , 025  0 .  , 1576  
umcl25  0 .  038  0 ,  .  0592  0 .  , 066  0 .  , 0068  0 .  , 061  0 ,  . 0098  0 .  ,  061  0 .  , 0098  
umc35  0 .  016  0 ,  . 3088  0 .  , 034  0 .  , 0761  0 ,  , 049  0 ,  . 0254  0 .  ,  029  0 .  ,  1174  
umcl68  0 .  018  0 ,  . 2755  0 .  . 024  0 .  , 1792  0 ,  , 041  0 ,  . 0510  0 .  ,  026  0 .  , 1564  
Chromosome 8-
np i220  0 .  002  0 ,  . 8674  0 ,  . 022  0 .  , 2378  0 .  ,  030  0 ,  . 1357  0 .  ,  010  0 .  ,  5140  
bn l826  0 .  010  0 ,  . 4716  0 .  . 028  0 .  , 1255  0 .  , 012  0 .  . 4093  0 .  , 021  0 .  , 2053  
umc89  0 .  002  0 ,  . 8950  0  ,  . 005  0 .  , 6970  0 ,  , 018  0 .  . 2693  0 .  , 003  0 .  , 7860  
umcl2  0 .  001  0 ,  . 9542  0 .  . 004  0 .  , 7245  0 .  , 029  0 .  . 1230  0 .  , 001  0 .  , 9076  
umc48  0 .  017  0 ,  . 2871  0 .  . 021  0 .  , 2171  0 .  , 024  0  , . 1734  0 .  , 023  0 .  , 1805  
Chromosome 9-
umcl09  0 .  016  0 ,  . 2970  0 .  . 019  0 .  , 2466  0 .  ,006  0 ,  . 6397  0 .  ,  019  0 .  , 2438  
umc70  0 .  036  0 ,  .  0685  0 .  . 033  0 .  , 0873  0 .  ,  007  0 ,  . 5798  0 .  ,  039  0 ,  , 0538  
php lOOOS 0 .  010  0 ,  . 4893  0 .  . 009  0 .  , 5202  0 .  , 001  0 ,  . 9601  0 .  , 010  0 ,  , 4917  
umcl l3  0 .  016  0 .  . 3244  0 .  ,000  0 .  , 9832  0 .  , 004  0 .  . 7514  0 .  , 006  0 .  , 6373  
umc81  0 .  053  0 .  . 0193  0 .  .024  0 .  , 1643  0 .  , 003  0 .  . 8111  0 .  , 049  0 .  , 0253  
umcl53  0 .  027  0 ,  . 1389  0 .  , 001  0 .  , 9376  0 .  .  005  0 .  . 6947  0 ,  , 013  0 .  , 3690  
u inc l l4  0 .  022  0 .  . 1965  0 .  ,003  0 .  , 7894  0 .  .  003  0 .  . 8061  0 .  , O i l  0 .  , 4401  
umc38B 0 .  007  0 .  . 6405  0  .  , 012  0 ,  , 4737  0 .  , O i l  0 .  . 4948  0 .  , 007  0 ,  , 6314  
umc95  0 .  022  0 ,  . 1976  0  .  , 007  0 .  , 5960  0 .  , 009  0 .  . 5050  0 ,  , 018  0 .  , 2630  
i su3  0 .  006  0 ,  . 6317  0  .  , 020  0 .  , 2366  0 .  , 009  0 ,  . 5081  0 .  ,  014  0 .  ,  3567  
bn l509  0 .  002  0 ,  . 8629  0 .  , 014  0 .  , 3449  0 .  ,012  0 ,  . 4131  0 .  ,  008  0  .  , 5700  
bn l l428  0 .  016  0 .  . 3196  0 .  ,023  0 ,  , 1992  0  .  , 033  0 .  . 0993  0 .  , 024  0 .  ,  1822  
np i209  0 .  002  0 ,  .  8446  0 .  , 012  0 .  , 4320  0 .  ,  018  0 ,  . 2655  0 .  , 007  0 ,  , 6202  
Chromosome 10-
np i lOSB 0 .  045  0 ,  . 0359  0 .  , 025  0 ,  , 1520  0 .  , 074  0  .0036  0 ,  .  043  0 ,  .  0402  
np i lOSA 0 .  032  0 ,  . 0922  0 .  , 030  0 .  , 1091  0 .  , 045  0 ,  . 0334  0 ,  .  039  0  , .  0568  
umc44  0 .  022  0 ,  . 2034  0 .  . 035  0 ,  , 0724  0 .  , 085  0 ,  . 0015  0 ,  .  034  0  , .  0808  
umc57  0 .  021  0 ,  . 2129  0 .  . 059  0 ,  , 0115  0 .  , 074  0 ,  . 0035  0 ,  .  043  0  , .  0405  
* ,**^***  S ign i f i cance  a t  the  0 .10 ,  0 .05 ,  and  0 .01  p robab i l i ty  l eve l s ,  
r e spec t ive ly .  
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Table A20. Model used by MAPMAKER/QTL (version 0.9) to 
estimate genetic effects 
Yi = Maa + nia + hid + e; 
where 
Yi = observed phenotypic value of the ith individual 
(1=1,2,....150); 
Maa = average phenotypic value for individuals 
homozygous for the A allele; 
ni = number of B alleles carried by the i""*^ individual 
(n=0,l,2); 
a = additive effect of the B allele; 
hi = 1 if the ith individual is heterozygous (AB) , 0 
otherwise (AA or BB); 
d = dominance effect of the B allele, and; 
e = phenotypic variation not controlled by the QTL. 
